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(54) Receiving apparatus and method for detecting, measuring and compensating waveform 
degradation of received signal 



(57) In a receiving apparatus, there are included a 
compensation characteristic variable type waveform 
degradation compensating unit (5) capable of compen- 
sating for waveform degradation of a received signal 
stemming from a transmission line (30), a received 
waveform measuring unit (8) for measuring wavefomri 
data on the received signal (which will be referred to 
hereinafter as "received wavefomi data), and a control 
unit (9) for controlling a compensation characteristic of 



the waveform degradation compensating unit (5) to min- 
imize a difference between frequency data on the re- 
ceived signal, obtained by converting the received wave 
form data acquired by the received wave form measur- 
ing unit (8) Into a frequency domain, and frequency data 
on a reference wavefomi free from waveform degrada- 
tion. With this configuration, certain compensation for 
the wavefomn degradation of the received signal stem- 
ming from chromatic dispersion or the like becomes fea- 
sible without using a dispersion compensation fiber. 
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Description 

BACKGROUND OF THE INVENTION 
{1 ) Field of the Invention 

[0001 ] The present invention relates to a receiving ap- 
paratus and a nnethod of compensating for wavefomn 
degradation of received signals, and further to an appa- 
, ratus and nnethod for detecting waveform degradation, 
and an apparatus and method for measuring wave- 
forms. More particularly, the invention relates to a tech- 
nique suitable for use in compensation for waveform 
degradation an optical signal suffers due to an optical 
transmission line. 

(2) Description of the Related Art 

[0002] FIG. 20 is a block diagram showing one exam- 
ple of the existing optical transmitting system. In FIG. 
20, an optical transmission system 1 00 Is made up of 
an optical transmission apparatus 200, an optical re- 
peater (optical amplifier) 300, and an optical receiving 
apparatus 400, with an optical signal sent from the op- 
tical transmitting apparatus 200 being transmitted 
through an optical transmission line 500 to the optical 
receiving apparatus 400 while being repeated/amplified 
properly in the optical repeater 300. Incidentally, al- 
though only one optical repeater 300 exists in the illus- 
tration of FIG. 20, naturally, two or more optical repeat 
ers are employable, or no need therefor arises, depend- 
ing on an optical signal transmission distance. 
[0003] As the aforesaid optical transmission line 500, 
there has frequently been used a single-mode optical 
fiber (SMF) of a wavelength (refen-ed to as "zero disper- 
sion wavelength") at which chromatic dispersion be- 
comes almost zero being in a 1 .3-nm (micrometer) band 
(see a chromatic dispersion characteristic 600 in FIG. 
22). The "chromatic dispersion" signifies the property 
that the propagation speed in an optical fiber varies with 
optical wavelength, stemming from material dispersion 
(see a broken line 800 in FIG. 22) or structure 
(waveguide) dispersion (see a chain line 900 in FIG. 22) 
of the optical fiber itself (that is, with respect to the zero 
dispersion wavelength, the long wavelength side delays 
while the short wavelength side advances). In other 
words, the "zero dispersion wavelength" means a wave- 
length at which no advance nor delay occurs while light 
(wavelength) propagates in an optical fiber. 
[0004] The reason for the frequent use of SM F as the 
optical transmission line 600 Is because its transmission 
loss is at a minimum in an optical transmission band 
(1.55-fim band) put frequently to use for the WDM opti- 
cal transmission, and long-distance transmission is fea- 
sible. However, the employment of SMF causes the 
waveform degradation arising from the chromatic dis- 
persion to occur remarkably at high-speed transmission 
of an optical signal. 



[0005] For example, in the case of long-distance 
transmission of a high-speed optical signal exceeding 
2.5 Gb/s (gigabit/second) through the use of SMF there 
occurs the phenomenon that a waveform .degradation 
5 occurs in the optical signal due to the chromatic disper- 
sion, that is, the degree of aperture of an eye pattern of 
the optical signal (which will be referred to hereinafter 
as "eye aperture") becomes smaller. In this connection, 
the waveform degradation arising from the chromatic 
fo dispersion includes a case (see FIG. 21 B) in which the 
eye aperture in the amplitude direction becomes smaller 
(waveform is rounded) as compared with the original 
transmission wavefomi (see FIG. 21 A) and a case (see 
FIG. 21 C) in which the eye aperture in the phase direc- 
ts tion decreases (phase is compressed) with respect to 
the original transmission waveform. 
[0006] The difference therebetween depends upon 
the designs (type of the optical transmission line 500, 
optical transmission band, chirping setting, and others) 
20 on the optical transhnission system. For example, in a 
common optrcal transmission system in which optical 
transmission is made in an optical transmission band of 
1 .55 fxm through the use of SMF whose zero dispersion 
wavelength Is in a 1 .3-M,m band, if the chirping setting is 
25 made such that the rise of the wavefomn is at the short- 
wavelength side (the fall is at the long-wavelength side), 
then the long-wavelength side intensively receives the 
effect of the chromatic dispersion so that the waveform 
tends to be rounded. If the chirping setting Is made con- 
30 versely. then the adverse tendency arises. 

[0007] Meanwhile, such waveform degradation stem- 
ming from the chromatic dispersion becomes more no- 
ticeable as the optical signal transmission distance (re- 
peating distance) becomes longer to cause the deterio- 
35 ration of the reception sensitivity characteristic of an op- 
tical receiver 402, described later, (difficult identification/ 
regeneration of a signal). For this reason, so far, a dis- 
persion-shifted fiber (DSF) (see a chromatic dispersion 
characteristic 700 in FIG. 22) in which the zero disper- 
40 sign wavelength Is shifted to a 1 ^55-^m band forming an 
optical transmission band has been put to use for the 
optical transmission line 500, thereby providing an op- 
tical transmission system 1 00 capable of limiting the in- 
fluence of the chromatic dispersion in the optical trans- 
^5 mission band. However, also in the case of the use of 
DSF, a further Increase in optical signal transmission 
rate makes it difficult to disregard the waveform degra- 
dation arising from the chromatic dispersion as in the 
case of the use of SMF 
50 [0008] Accordingly, for whether SMF or DSF used as 
the optteal transmission line 500, in a case in which the 
optical signal transmission rate becomes high to some 
extent, for example, a dispersion compensation fiber 
(DCF) 401 designed to have a chromatic dispersion 
55 characteristic contrary to the chromatic dispersion, the 
optical transmission line 600 suffers, has been put at the 
former stage of the optical receiver 402 as shown in FIG . 
20 for compensating for the waveform degradation and 
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enlarging the eye aperture. 

[0009] However, in general, the degree of deteriora- 
tion of the eye aperture acceptable to the optical receiv- 
er 402, i.e., the range of chromatic dispersion value per- 
missible to the optical receiver 402, is restricted by the 
reception sensitivity characteristic of the optical receiver 
402, and the chromatid dispersion value increases in 
proportion to the transmission distance (see FIG. 22) ; 
therefore, in the above-mentioned existing optical trans- 
mission system 1 00. there is a need to place the disper- 
sion compensation fiber 401 having a different chromat^ 
ic dispersion characteristic according to optical trans- 
mission distance (repeating distance) to show the range 
of chromatic dispersion value acceptable to the optical 
receiver 402. 

[0010] Accordingly, the system sacrifices the flexibility 
and the needed type of dispersion compensation fiber 
401 increases, which raises the cost at the system con- 
struction and the management cost after the system 
construction. 

[0011] In addition, in the recent years, the transmis- 
sion of an ultra-high-speed optical signal such as 1 0 Gb/ 
s or 40 Gb/s [assuming that a 2.5-Gb/s optical signal is 
16-wavelengths multiplexed (WDM: Wavelength Divi- 
sion Multiplex) signal, rt is a 64-wavelengths multiplexed 
or 128-wavelengths multiplexed signal] has been real- 
izable. In such a case, the wavelength (channel) interval 
becomes as extremely short as 1/4 or 1/16 and, hence, 
the characteristic change resulting from the external fac- 
tors such as variation in temperature of the optical trans- 
mission line 500 is not ignorable. 
[0012] Thus, the improvement of the reception sensi- 
tivity characteristic of the optical receiver 402 by com- 
pensating fixedly for the chromatic dispersion through 
the use of the dispersion compensation fiber 401 as 
mentioned above encounters limitation even from the 
viewpoint of ultra-high speed and vary-large capacity re- 
quired in the recent WDM transmission technology, and 
the difficulty of coping with the further increase in speed 
and capacity in the future is easily predictable. 
[0013] Moreover, for the transmission of such an ultra- 
high-speed optical signal such as 10 Gb/s or 40 Gb/s, 
even the waveform degradation arising from the disper- 
sion (for example, polarization mode dispersion) other 
than the chromatic dispersion or the nonlinear effects 
such as self phase modulation effect is not ignorable as 
the degradation factor to the reception sensitivity char- 
acteristic of the optical receiver 402. Therefore, in the 
case of the ultra-high-speed optical signal transmission, 
the sbnple use of the dispersion compensation fiber 401 
is remote from the sufficient compensation for the wave- 
form degradation. 

SUMMARY OF THE INVENTION 

[0014] The present invention has been developed 
with a view to eliminating the above-mentioned prob- 
lems, and it is therefore an object of the invention to 



achieve secure compensation for the wavefomi degra- 
dation of a received signal arising from chromatic dis- 
persion or the like without using a dispersion compen- 
sation fiber. 

5 [0015] For this purpose, a receiving apparatus ac- 
cording to the present invention is characterized by 
comprising the following means: 

(1) compensation characteristic variable waveform 
10 degradation compensating means capable of com- 
pensating for wavefonn degradation of a received 

signal; 

(2) received waveform measuring means for meas- 
uring wavefonn data on the aforesaid received sig- 

is nal (which will be referred to hereinafter as "re- 
ceived waveform data"); and 

(3) control means for controlling a compensation 
characteristic of the aforesaid wavefomn degrada-. 
tion compensating means so that a difference be- 

^ tween frequency data on the aforesaid received sig- 
nal obtained by converting the received waveform 
data measured by the received waveform measur- 
ing means into a frequency domain and frequency 
data on a reference waveform free from waveform 
25 degradation reaches a minimum. 

[0016] In the receiving apparatus thus arranged ac- 
cording to the invention, received waveform data is 
measured and the compensation characteristic of the 

30 wavefomn degradation compensating means is control: 
led so that the difference between the frequency data 
obtained by converting the measured received wave- 
form data into a frequency domain and the frequency 
data on the reference wavefonn shows a minimum; 

35 therefore, for example, without the use of a waveform 
degradation compensator having a different compensa- 
tion characteristic according to transmission distance of 
a reception signal, one type of receiving apparatus can 
cope with the wavefonn degradation because of the en- 

4a largement of the allowable range of the waveform deg- 
radation in the receiving apparatus. In addition, the fre- 
quency data in the frequency domain of the received sig- 
nal is compared with the frequency data on the refer- 
ence waveform to calculate a difference therebetween, 

-*5 which can cope with every waveform degradation. 

[0017] Accordingly, the present invention provides the 
, following advantages. 

(1 ) Since, for compensation for wavefonn degrada- 
50 tion of a received signal, the compensation charac- 
teristic of the' waveform degradation compensating 
means is controlled so that the difference between 
frequency data obtained by converting the meas- 
ured received wavefonn data into a frequency do- 
55 main and frequency data on a reference waveform 
reaches a minimum, the allowable range of the 
waveform degradation in the receiving apparatus is 
enlargeable. Therefore, one type of receiving appa- 
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ratus can cope flexibly with waveform degradation 
according to a plurality of types of transmission lines 
(optical transmission line, and other lines) or trans- 
mission distances, thereby considerably lowering 
the cost at the construction of a transmission sys- 
tem, the management cost after the construction, 
and others. 

(2) Since a difference between the frequency data 
on the received signal and the frequency data on 
the reference waveform is calculated so that the 
compensation is made to minimize the difference 
therebetween, even if the waveform degradation 
varies due to a change of the characteristic of a 
transmission line stemming from the external fac- 
tors such as temperature variation, it is possible to 
follow up the variations. In addition, for example, for 
an optical signal received through an optical trans- 
mission line, it is possible to deal with the wavefomi 
degradation the optical signal undergoes due to the 
chromatic dispersion, polarization niode disper- 
sion, nonlinear optical effect and others. This ena- 
bles realizing a receiving apparatus (optical receiv- 
ing apparatus) capable of sufficiently handling the 
transmission of an ultra-high-speed optical signal 
such as 1 0 Gb/s (gigabit per second) or 40 Gb/s. 

[001 8] In this case, it is also appropriate that the afore- 
said received waveform measuring means is composed 
of an equivalent-time sampling section for equivalent- 
time-sampling a received signal to acquire a plurality of 
wave-height data on the received signal and a wave- 
height data recording section for recording, as received 
waveform data, the wave-height data acquired by the 
equivalent-time sampling section. This can securely 
record/measure the received waveform data through 
the equivalent-time sampling even if the received signal 
is a high-speed signal. 

[0019] Thus, the recording/measurement of the re- 
ceived wavefomi data is surely feasible regardless of 
whether or not the received signal is a high-speed sig- 
nal, so a receiving apparatus is realizable which is ca- 
pable of implementing sufficient compensation control 
on a high-speed signal. 

[0020] I n addition , It is also appropriate that the afore- 
said equivalent-time sampling section Is composed of a 
sampling timing generating circuit for generating a sam- 
pling timing on the basis of a reference clock synchro- 
nized with the received signal to output the sampling tinn- 
ing while shifting a timing of output thereof periodically, 
and a sampling circuit for sampling the received signal 
in accordance with the sampling timing generated in the 
sampling timing generating circuit to acquire the afore- 
said wave-height data. This can surely realize the wave- 
fomi measurement according to the equivalent-time 
sampling. 

[0021] In this connection, it is preferable that the sam- 
pling timing generating circuit includes a divider for di- 
viding the reference clock down and a delay control cir- 



cuit for supplying the output of the divider to the sam- 
pling circuit while delaying periodically. This can gener- 
ate the sampling timing with a proper operating clock at 
all times In the apparatus in-espective of the rate (fre- 

5 quency) of the reference clock. Moreover, even in the 
case of the employment of a divider designed to perform 
the dividing down into Integer (N) times, the sampling 
timing can be outputted at an artDitrary timing through 
the delay control by the delay control circuit. 

10 [0022] Accordingly, irrespective of the rate (frequen- 
cy) of the reference clock, it is possible to generate a 
sampling timing with an appropriate operating timing at 
all times in the apparatus. In addition, even with the di- 
vider capable of dividing down into integer (N) times, it 

^5 is possible to output the sampling timing at an arbitrary 
timing through the delay control by the delay control cir- 
cuit, which can realize the equivalent-time sampling us- 
ing a simple construction and showing extremely high 
flexibility. 

20 [0023] Furthemiore, it is preferable that the aforesaid 
control means includes the following sections: 

(1) a reference waveform data storing section for 
storing the frequency data on the reference wave- 

25 fonii previously; 

(2) a Fourier-transfonm section for perfonning Fou- 
rier transform of the received wavefomn data to ob- 
tain frequency data on the received signal; 

(3) a difference calculating section for calculating a 
30 difference between the frequency data obtained by 

the Fourier transfonm section and the frequency da- 
ta in the reference waveform data storing section; 

(4) a compensation characteristic detennlning sec- 
tion for obtaining a compensation characteristic of 

35 the waveform degradation compensating means 
which minimizes the difference calculated by the dif- 
ference calculating section; and 

(5) a control signal generating section for generat- 
ing a control signal for controlling the aforesaid 

40 wavefomri degradation compensating means so 
that the wavefomn degradation compensating 
means has the compensation characteristic ob- 
tained by the compensation characteristic deter- 
mining section. 



[0024] This can univocaily determine the optimum 
compensation characteristic of the waveform degrada- 
tion compensating means which minimizes the differ- 
ence of the frequency data calculated by the difference 

50 calculating section, and hence, a sweeping operation or 
the like for obtaining the optimum compensation char- 
acteristic becomes unnecessary, for example, as in the 
case in which a received signal quantity is monitored to 
control the compensation characteristic of the waveform 

55 degradation compensating means so that the monitored 
quantity reaches a predetermined quantity. 
[0025] Accordingly, fast and certain conipensatlon 
control becomes feasible. 
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[0026] If the aforesaid waveform degradation com- 
pensating means is constructed with an equalization 
amplifier having a variable frequency/phase character- 
istic as the aforesaid compensation characteristic, then 
it is possible to surely realize the waveform degradation 
compensation of a received signal (enlargement of the 
waveform degradation allowable range of the receiving 
apparatus), which contributes greatly to the realization 
of this receiving apparatus. 

[0027] In this case, for example, if the equalization 
amplifier is made up of a plurality of band-pass filters 
having different pass bands with respect to the received 
signal, a plurality of phase shifters and a plurality of gain- 
variable amplifiers, then it is possible to provide an 
equalization amplifier capable of adjusting the frequen- 
cy characteristic (amplitude and phase) at every pass 
band, thus realizing the wavefomn degradation compen- 
sation based on the equalization amplifier with high ac- 
curacy. 

[0028] This can contribute greatly to the realization of 
this receiving apparatus. 

[0029] In addition, in a case in which the received sig- 
nal is a signal which is received through an optical trans- 
mission line and undergoes waveform degradation 
based on a chromatic dispersion characteristic of the 
optical transmission line as the aforesaid wavefomi deg- 
radation; if the waveform degradation compensating 
means is constructed with a variable dispersion com- 
pensator having a variable dispersion compensation 
characteristic as the aforesaid compensation character- 
istic while the aforesaid control means is designed to 
control the dispersion compensation characteristic of 
this variable dispersion compensator, it is possible to 
compensate for the wavefonn degradation due to the 
chromatic dispersion characteristic for enlarging the 
waveform degradation allowable range of the receiving 
apparatus (optical receiving apparatus) without using a 
different chromatic dispersion compensating fiber ac- 
cording to length of the optical transmission line (that Is, 
transmission distance on a signal to be received). 
[0030]^ Accordingly, one type of receiving apparatus 
can deal flexibly with the wavefomri degradation based 
on the dispersion characteristic according to a plurality 
of optical transmission lines or transmission distances 
without using different chromatic dispersion compensat- 
ing fibers according to types of optical transmission lines 
or lengths thereof, which can realize a low-priced receiv- 
ing apparatus and considerably reduce the cost at the 
construction of an optical transmission system and the 
management cost after the construction thereof. 
[0031] Furthermore, a receiving apparatus according 
to the present invention is characterized by comprising 
the following components: 

(1) a demultiplexing section for receiving a wave- 
length-multiplexed optical signal (which will be re- 
ferred to as hereinafter as a "WDM signal") com- 
prising a plurality of types of wavelengths multi- 



plexed, through an optical transmission line to per- 
form demultiplexing according to wavelength; 

(2) compensation characteristic variable type wave- 
form degradation compensating means capable of 

5 compensating for waveform degradation the WDM 
signal is subjected to due to a dispersion character- 
istic of the optical transmission line; 

(3) received wavefomri degradation detecting 
means provided with respect to at least one optical 

10 signal with a specified wavelength, of the demulti- 
plexed optical signals from the demultiplexing sec- 
tion for detecting a difference between frequency 
data in a frequency domain of a received signal after 
photoelectric conversion of the optical signal and 

»5 frequency data on a reference waveform free from 
wavefomi degradation; and 

(4) control means for controlling a compensation 
characteristic of the waveform degradation com- 
pensating means so that the difference on the spec- 

20 ified wavelength, obtained by the received wave- 
form degradation detecting means, reaches a min- 
imum. 

[0032] In the receiving apparatus thus constructed ac- 
25 cording to the present invention, the difference of at 
least one received signal with a specified wavelength jn 
frequency data from a reference waveform which does 
not suffer waveform degradation is obtained through 
calculation to control the compensation characteristic of 
30 the wavefomn degradation compensating means on the 
basis of the difference therebetween for compensating 
forthe wave form degradation of the WDM signal; there- 
fore, without employing a dispersion compensation fiber 
having a different dispersion compensation characteris- 
es tic according to WDM signal transmission distance, one 
receiving apparatus can cope with the waveform degra- 
dation owing to the enlargement of the allowable range 
of the wavefomri degradation of the received signal. 
[0033] In other words, since the difference (waveform 
40 degradation) detecting system undertakes only one 
wavelength at the smallest, not only the advantages and 
effects similar to those mentioned above are attainable 
but also the size reduction of the receiving apparatus is 
achievable. 

45 [0034] In addition, since the compensation control is 
implemented on the basis of the difference in frequency 
data calculated, it can cope with the wave form degra- 
dation the optical signal undergoes due to not only the 
chromatic dispersion but also the polarization mode dis- 
50 persion or nonlinear optical effects. In consequence, it 
can deal sufficiently with the transmission of an ultra- 
high-speed optical signal, such as 10 Gb/s (gigabit per 
second) or 40 Gb/s, . 

[0035] In this case, it is also appropriate that the af ore- 
55 said waveform degradation compensating means Is 
constructed as a dispersion characteristic variable type 
variable optical dispersion compensator placed at the 
fomner stage of the demultiplexing section, while the 
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control means is constructed as a batch compensation 
control section made to batch-contro! a dispersion char- 
acteristic of the variable optical dispersion compensator 
in common with respect to the aforesaid wavelengths. 
[0036] With this configuration, since the compensa- 
tion control on a multi-wavelength optical signal can be 
executed in batch in common with respect to the wave- 
lengths, the scale reduction of the control system is 
achievable, which leads to the size reduction of the re- 
ceiving apparatus. 

[0037] In particular, In this case, since the compensa- 
tion takes place at the stage of an optical signal, as com- 
pared with the compensation at the stage of an electric 
signal after the photoelectric conversion, the received 
signal waveform degradation allowable range is further 
enlargeable, thus lengthening the optical transmission 
distance one type of receiving apparatus can deal with. 
This further reduce the cost at the construction of the 
optical transmission system and the management cost 
after the construction thereof. 

[0038] Still additionally, It is also appropriate that the 
aforesaid waveform degradation compensating means 
is constructed with a plurality of dispersion characteristic 
variable type variable optical dispersion compensators 
each provided for each of optical signals before photo- 
electric conversion at the latter stage of the aforesaid 
demultiplexing section while the control means is con- 
structed as an individual compensation control section 
for calculating differences on all wavelengths on the ba- 
sis of the aforesaid difference with respect to the afore- 
said specified wavelength to control dispersion compen- 
sation characteristics of the variable optical dispersion 
compensators Individually so that each of the differenc- 
es reaches a minimum: 

[0039] With this arrangement, since the compensa- 
tion control is implemented with respect to each of the 
wavelengths, as compared with the batch compensa- 
tion control, it is possible to realize the compensation 
with higher accuracy. Moreover, also in this case, the 
compensation is made at the stage of the optical signal 
to enlarge the received signal waveform degradation al- 
lowable range, thereby further lengthening the optical 
transmission distance one type of receiving apparatus 
can deal with. 

[0040] Furthermore, it is also appropriate that the 
aforesaid received wavefomn degradation detecting 
means is provided with respect to each of the wave- 
lengths and the aforesaid waveform degradation com- 
pensating means is composed of a dispersion charac- 
teristic variable type variable optical dispersion compen- 
sator placed at the former stage of the aforesaid demul- 
tiplexing section and a plurality of frequency/phase 
characteristic variable type equalization amplifiers 
placed with respect to each of electric signals after the 
photoelectric conversion of the demultiplexed optical 55 
signals from the aforesaid demultiplexing section, while 
the aforesaid control means is composed of variable op- 
tical dispersion compensators each for controlling a fre- 



quency/phase characteristic of the corresponding 
equalization amplifier according to wavelength so that 
the difference detected by the corresponding received 
wavefonn degradation detecting means reaches a min- 
5 imum and a batch compensation control section for 
batch-controlling the dispersion characteristics of the 
variable optical dispersion compensators on the basis 
of the differences on the aforesaid specified wavelength 
In common with respect to the wavelengths. 
10 [0041 ] Since this configuration perfonns the compen- 
sation at two stages, that is, the batch compensation by 
the variable optical dispersion compensator at the stage 
of the optical signal (WDM signal) in common with re- 
spect to the respective wavelengths and the compen- 
15 sation by the equalization amplifier at the stage of the 
electric signal with respect to each wavelength after the 
photoelectric conversion, It is possible to enhance the 
wavefomn degradation compensation ability as a whole, 
and further to additionally enlarge the received signal 
20 wavefomn degradation allowable range. 

[0042] In addition, in this case, since the compensa- 
tion at the stage of the optical signal Is first perfomned 
so that the compensation by the equalization amplifier 
is made in a state where the waveform degradation is 
25 compensated to some extent, it is possible to lighten the 
compensation ability (frequency/phase characteristic 
variable range) needed for the equalization amplifier, 
which cuts the cost of the equalization amplifier down 
and hence contributes greatly to decreasing the cost of 
30 this receiving apparatus. 

[0043] Still f urthemnore. it is preferable that the afore- 
said received waveform degradation detecting means 
is composed of received waveform measuring means 
for measuring wavefomn data (received wavefomn data) 
35 of the received signal and calculating means for calcu- 
lating a difference between frequency data obtained by 
converting the received wavefomn data, measured by 
the received wavefomn measuring means, into a fre- 
quency domain and frequency data on the aforesaid ref- 
40 erencewaveform. This ensures acquisition of the differ- 
ence in frequency data between the received signal and 
the reference wavefomn. 

[0044] Incidentally, the aforesaid received waveform 
degradation detecting means acts as a received signal 
45 wavefomn degradation detecting device and the afore- 
said received waveform measuring means serves as a 
received signal waveform measuring unit, with they be- 
ing applicable to any type of receiving apparatus. 
[0045] That is, a received signal wavefomn degrada- 
tion detecting device according to the present invention 
measures waveform data (received wavefomn data) of 
a received signal received through a transmission line 
in a state subjected to wavefomn degradation (received 
wavefomn measuring process) and calculates a differ- 
ence between frequency data on the received signal ob- 
tained by converting the received wavefomn data into a 
frequency domain and frequency data on the reference 
waveforrh free from the wavefomn degradation (calcu- 
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lating process), thereby detecting the degree of wave- 
form degradation of the received signal; therefore, this 
enables the detection of the waveform degradation of a 
received signal in every receiving apparatus with high 
accuracy. 5 
[0046] Moreover, the received signal waveform 
measuring unit according to the present invention equiv- 
alent-time-samples a received signal, received through 
a transmission line in a state where subjected to wave- 
form degradation, to acquire a plurality of wave-height io 
data on the received signal (equivalent-time sampling 
process) and records the acquired wave-height data as 
the wavefomi data on the received signal to be convert- 
ed into a frequency domain for the calculation of the dif- 
ference with respect to the f requericy data on the refer- '5 
ence waveform tree from the waveform degradation 
(wavefomi data recording process); therefore, this en- 
sures the measurement of the waveform data needed 
for the calculation in frequency data between the re- 
ceived signal and the reference waveform in any receiv- 20 
tng apparatus. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[00471 25 

FIG. 1 is a block diagram showing a basic mode of 
an essential part of an optical receiving apparatus 
according to an embodiment of the present Inven- 
tion; 30 
FIG. 2 is a block diagram showing an arrangement 
of an equalization amplifier shown in FIG. 1; 
FIG. 3 is an illustrative view useful for explaining 
equivalent-time sampling in an equalization-ampli- 
fied waveform monitor circuit shown In FIG. 1 ; 35 
FIG. 4 Is an illustration of one example of a refer- 
ence wavefomri to be used in the optical receiving 
apparatus shown in FIG. 1 ; 
FIG. 5 Is a flow chart useful for explaining an oper- 
ation of the optical receiving apparatus (equaliza- "^o 
tion-ampllfied waveform monitor circuit) shown In 
FIG. 1; 

FIG. 6 is a flow chart useful for explaining an oper- 
ation [statistics (wavefomri regeneration)/compari- 
son processing] of the optical receiving apparatus 
(control circuit) shown in FIG. 1 ; 
FIG. 7 is an illustrative view showing one example 
of wave-height data to be recorded in a waveform 
recording memory shown in FIG. 1; 
FIG. 8 is an illustrative view showing one~ example so 
of a received waveform regenerated from through 
statistics processing in FIG. 1 ; 
FIG. 9A is an illustration of a reference waveform; 
FIG. 9B is an Illustration of a frequency (amplitude) 
component of the reference waveform shown in 55 
FIG. 9A; 

FIG. 9C is an illustration of a group delay (phase) 
component of the reference waveform shown in 



FIG. 9A; 

FIG. 9D is an illustration of a received waveform 

subjected to wavefonn degradation; 

FIG. 9E is an illustration of a frequency (amplitude) 

component of the received wavefonn shown in FIG. 

9D; 

FIG. 9F Is an illustration of a group delay (phase) 
component of the received wavefomn shown In FIG. 

9D; 

FIG. 10A is an illustration of a correction character- 
istic of a frequency (amplitude) component of a re- 
ceived waveform to be obtained by the comparison 
between the wavefonns shown in FIGs. 98 and 9E; 
FIG. 10B is an illustration of a correction character- 
istic of a group delay (phase) component of the re- 
ceived waveform to be obtained by the comparison 
between the waveforms shown in FIGs. 9C and 9F; 
FIG. 10c is an illustration of the received waveform 
after the compensation based on the correction 
characteristics shown in FIGs. 10A and 10B; 
FIG. 1 0D Is an Illustration of a frequency (amplitude) 
component of the received wavefonn shown In FIG. 
10C; 

FIG. 10E is an illustration of a group delay (phase) 
component of the received wavefonn shown in FIG. 
IOC; 

FIG. 11 Is a flow chart useful for explaining an op- 
eration (dispersion compensation quantity determi- 
nation, compensation control by equalization ampli- 
fier) of the optical receiving apparatus (control cir- 
cuit) shown in FIG. 1 ; 

FIG. 12 is a block diagram showing a modification 
of the optical receiving apparatus according to the 
basic mode shown In FIG. 1 ; 
FIG. 13 is a flow chart useful for explaining an op- 
eration (dispersion compensation quantity determi- 
nation, compensation control by a variable optical 
dispersion compensator) of the optical receiving ap- 
paratus (control circuit) shown In FIG. 12; 
FIG. 14 is a block diagram showing a configuration 
of an essential part of an optbal receiving apparatus 
according to a first embodiment of the present in- 
vention, which is applicable to a WDM optical trans- 
mission system; 

FIG. 1 5 is an illustration of one example of a disper- 
sion compensation table to be used in the optical • 
receiving apparatus shown in FIG. 14; 
FIG. 16 is a block diagram useful for explaining a 
chromatic dispersion quantity a WDM signal re- 
ceives in a WDM optical transmission system; 
FIG. 17 is a block diagram showing a configuration 
of an essential part of an optteal receiving apparatus 
according to a second embodiment of the present 
Invention, whbh is applicable to a WDM optical 
transmission system; 

FIG. 18 is a block diagram showing a configuration 
of an essential part of an optical receiving apparatus 
according to a third embodiment of the present in- 
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vention, which Is applicable to a WDM optical trans- 
mission system; 

FIG. 1 9 is a block diagram showing a configuration 
of an essential part of an optical receiving apparatus 
according to a fourth embodiment of the present In- 
vention, which is applicable to a WDM optical trans- 
mission system; 

FIG, 20 Is a block diagram showing one example of 

the existing optical transmission system; 

FIG. 21 A is an illustration of an original transmitted 

waveform; 

FIGs. 21 B and 21 C are illustrations of examples of 
waveforms received with the transmitted wayefomi 
shown in FIG. 21 A being subjected to wavefomfi 
degradation; and 

FIG. 22 is an illustration of examples of chromatic 
dispersion characteristics of a single-mode optical 
fiber (SMF) and a dispersion-shifted fiber (DSF). 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0048] Embodiments of the present invention will be 
described herelnbelow with reference to the drawings. 

(A) Description of an Embodiment 

(A-1) Description of Basic Mode 

[0049] FIG. 1 is a block diagram showing a basic 
mode of an essential part of an optical receiving appa- 
ratus according to an embodiment of the present inven- 
tion. In FIG. 1 , an optical receiving apparatus 1 is made 
up of a photo-detecting device 2 for re<»iving an optical 
signal transmitted through an optical transmission line 
30 to convert it into a current signal, a preamplifier 3 for 
amplifying the output of the photo-detecting device 2 to 
convert the current signal into a voltage signal, and an 
optical receiver 4 for identifying/regenerating the re- 
ceived signal while compensating (equalizing) for wave- 
fomn degradation on the output of the preamplifier 3. In 
this case, the signal data (DATA) identified/regenerated 
by the optical receiver 4 and a clock (CLK) are outputted 
to a signal processing section (for example, see refer- 
ence numeral 403 iri FIG. 20) for digital signal process- 
ing. In addition, either SMF or DSF is applicable to the 
optical transmission line 30. 

[0050] In this embodiment, as FIG. 1 shows, the op- 
tical receiver 4 further includes an equalization amplifier 
5, a CLK extractor (CLK recovery unit) 6, a decision unit 
7, an equalization-amplified waveform monitor circuit 8 
and a control circuit 9. 

[0051] The equalization amplifier (compensation 
characteristic variable type waveform degradation conrv 
pensating means) 5 has a variable frequency charac- 
teristic as the compensation characteristic for the wave- 
f orni degradation of the received signal made by the op- 
tical transmission line 30, and this frequency character- 



istic is controlled by the control circuit 9 so that the out- 
put (received signal) of the preamplifier 3 is amplified 
while its wavefomi degradation made due to the chro- 
matic dispersion in the optical transmission line 30 is 

5 equalized (compensated) adaptively. 

[0052] The "frequency characteristic" in this embodi- 
ment includes both amplitude components and phase 
components in a f req uency domain in a wide sense (sig- 
nifies frequency/phase characteristic), and the "fre- 

10 quency data" includes both data on the amplitude com- 
ponents in the frequency domain and data on the phase 
components therein. 

[0053] Accordingly, in this case, as FIG. 2 shows, this 
equalization amplifier 5 comprises a plurality of band- 
15 pass filters (BPF) 51 having, as the pass bands, a plu- 
rality of bands resulting from the division of the frequen- 
cy band of the received signal, respectively, a plurality 
of phase shifters 52 each capable of implementing 
phase shift (group delay) control on each of the outputs 
20 (input signals) of these BPFs 51 , and a plurality of gain 
variable type amplifiers 53 (variable attenuators are also 
acceptable) connected in series to the outputs of these 
phase shifters 52, respectively, and capable of amplify- 
ing the outputs (input signals) thereof. Incidentally, the 
25 positions of the phase shifters 52 and the amplifiers 53 
are interchangeable with each other. 
[0054] That is, a combination of each of the phase 
shifters 52 and each of the amplifiers 53 functions as a 
phase/gain control circuit capable of Implementing the 
30 phase control and the gain control on each of the outputs 
of the BPFs 51 , and therefore, the equalization amplifier 
5 in this embodiment individually controls the phase of 
each of the phase shifters 52 and the gain of each of the 
amplifiers 53 (or variable attenuator) to give a different 
35 group delay and a different gain to the received signal 
according to pass band (which sometimes will be re- 
ferred to hereinafter as "divided band") of the BPF 51 , 
thereby adjusting the frequency characteristic (compen- 
sation characteristic) thereof property. 
40 [0055] The equalization amplifier 5 capable of individ- 
ually controlling the frequency characteristics (ampli- 
tude and phase) according to pass band of the received 
signal is obtainable in this way, so high-accuracy wave- 
form degradation compensation is realizable by the 
45 equalization amplif ier 6, which contributes greatly to the 
realization of this optical receiving apparatus 1 . Inciden- 
tally, it is also possible that, in order to make the afore- 
said band division with high accuracy, a digital filter, de- 
signed to perfonm the filtering through logic, is used for 
50 the BPF 51. 

[0056] The clock recovery unit 6 is for regenerating a 
clock from the aforesaid received signal, with the clock 
regenerated being supplied to the equalization-ampli- 
fied wavef onm monitor circuit 8 (divider i 1 , whteh will be 
55 described later) , the decision unit 7 and the above-menr 
tioned signal processing section. In addition, the deci- 
sion unit 7 is for identifying/regenerating the output of 
the. equalization amplifier 5 in accordance with the clock 
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, regenerated by the clock recovery unit 6 to output signal 
data to the signal processing section, and the equaliza- 
tion amplification waveform monitor circuit (received 
wavefomi measuring means; received signal waveform 
measuring unit) 8 monitors the output waveform of the 5 
equalization amplifier 5, that is, a waveform (eye pat- 
tern) of the received signal, to measure wavefomi data 
thereof (which will equally be referred to hereinafter as 
"received waveform data"). 

[0057] Moreover, the control circuit (equalization am- 
plifier control section; control means) 9 is for controlling 
the frequency characteristic of the equalization amplifier 
5 to minimize the difference between frequency data on 
the received signal obtained by converting the eye pat- 
tern data on the received signal undergoing waveform 
degradation tn the optical transmission line 30, meas- 
ured by. the equalization-amplified waveform monitor 
circuit 8 (which will hereinafter be referred to simply as 
a "monitor circuit 8"), into a frequency domain through 
the use of FFT (Fast Fourier Transform) and frequency 
data on a basic waveform free from waveform degrada- 
tion, 

[0058] Accordingly, the monitor circuit 8 further in- 
cludes a divider 11 , a delay controller 12, a sampler 13, 
an analog/digital (A/D) converter 1 4 and a waveform re- 
cording memory 15, while the control circuit 9 is com- 
posed of a processor 21 comprising a CPU (Central 
Processing Unit), DSP (Digital Signal Processor) or the 
like, a reference data memory. 22 and a digital/analog 
(D/A) converter 23. 30 
[0059] In this configuration, in the monitor circuit 8, the 
divider 11 divides down a high-speed (reference) clock 
(for example, 10 GHz or 40 GHz) synchronized with the 
received signal, regenerated by the clock extractor 6 to 
generate a clock suitable as an operational clock for the 35 
monitor circuit 8 (clock for facilitating equivalent-time 
sampling which will be described later), and the delay 
controller 12 controls the delay time of the reference 
clock divided down in the divider 11 to supply the output 
of the divider 11 as a trigger output (sampling timing) to 40 
the sampler 13 while delaying periodically. At this time, 
the delay time (delay value) is outputted to the A/D con- 
verter 14. 

[0060] The sampler (sampling circuit) 1 3 samples the 
output of the equalization amplifier 5 at a trigger (sam- 45 
pling) timing from the delay controller 12 to acquire 
wave-height (amplitude) data, while the A/D converter 
1 4 /VD-converts the wave-height data acquired through 
the sampling in the sampler 1 3 and the delay value from 
the delay controller 14. so 
[0061] In addition, the waveform recording memory 
(waveform data recording section) 15 stores a combi- 
nation of the wave-height data and delay value A/D-con- 
verted in the A/D converter 1 4 to record the wave-height 
data corresponding to each delay time as waveform da- 55 
ta on the received signal to be converted (FFT) into a 
frequency domain for the calculation of a difference with 
respect to the frequency data on a reference waveform 



which will be described later For example, this wave- 
form recording memory 15 is realizable with a RAM or 
the like. 

[0062] In this configuration, in this embodiment, the 
delay controller 1 2 increases the aforesaid delay time 
consecutively (periodically) to shift (delay) the sampling 
timing consecutively, for example, as shown illustrative- 
ly in FIG. 3 so that wave- height data is recorded in the 
wavefomn recording memory 15 at each timing. The re- 
corded wave-height data corresponding to each delay 
time is reconstructed at a period according to a bit rate 
of the received signal, thereby providing a waveform 
(eye pattern) of the received signal. 
[0063] That is, a section comprising the divider 1 1 , the 
delay controller 1 2, the sampler 1 3 and the A/D convert- 
er 14 functions as an equivalent-time sampling section 
10 for equivalent-time-sampling a received signal to ac- 
quire a plurality of wave-height data on the received sig- 
nal, and a section comprising the divider 11 and the de- 
lay controller 12 functions as a sampling timing gener- 
ating circuit for generating a sampling time on the basts 
of a reference clock synchronized with the received sig- 
nal to shift the output timing periodically and output it. 
[0064] Furthermore, in the control circuit 9, the refer- 
ence data memory 22 is for previously storing reference 
data (frequency data of a reference waveform which is 
not subjected to waveform degradation) to be referred 
to (to be compared) in obtaining a difference in frequen- 
cy characteristic in the processor 21 . The processor 21 
has functions to. as mentioned above, reconstructs the 
wave-height data recorded in the waveform recording 
memory 1 5 according to the delay time for regenerating 
the eye pattern of the received signal and further to cal- 
culate, on the basis of the frequency data on the re- 
ceded signal obtained by the FFT of that eye pattem 
and the reference data in the reference data memory 
22, a difference between the frequency data [difference 
in amplitude component and difference in group delay 
(phase) component] for controlling the frequency char- 
acteristic (the group delay. quantity of the phase shifter 
52, the gain of the amplifier 53) of the equalization am- 
plifier 5 so that the difference therebetween reaches a 
minimum. 

[0065] That is, this processor 21 additionally has the 
following features: 

(1) a function as an FFT section (Fourier- transform 
section) 211 for obtaining frequency data on re- 
ceived wavefomn data by means of FFT of the re- 
ceived wavefomi data acquired by the monitor cir- 
cuit 8; 

(2) a function as a difference calculating section 212 
for calculating a difference in frequency character- 
istic (amplitude component and group delay com- 
ponent) on the basis of the frequency data obtained 
by the FFT section 211 and the frequency data of a 
reference waveform free from wavefomn degrada- 
tion; 
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(3) a function as a compensation characteristic de- 
termining section 213 for obtaining a frequency 
characteristic (compensation characteristic) of the 
equalization amplifier 5 so that each of the differ- 
ences in amplitude conriponent and in group delay 
component, obtained by the difference calculating 
section 212, shows a minimum; and 

(4) a function as a control signal generating section 
214 for generating a control signal to control the 
equalization amplifiers so that the equalization anv 
plifier 5 has the frequency characteristic obtained 
by the compensation characteristic determining 
section 213. 

[0066] The FFT section 21 1 and the difference calcu- 
lating section 212 function as a calculating (arithmetic 
processing) means 21 0 to perfonri the FFT and the dif- 
ference calculation. In addition, the calculating means 
210 and the monitor circuit 8 realizes a function as a 
received signal waveform degradation detecting unit 
(received waveform degradation detecting means) for 
detecting waveform degradation (difference between 
received waveform data and reference waveform data) 
of the received signal 

[0067] Furthennore, the D/A converter 23 is for con- 
verting a control signal (analog signal) for controlling the 
frequency characteristic of the equalization amplifier 5, 
produced in the processor 21 (control signal generating 
section 214), into a digital signal which in turn, is sup- 
plied to the equalization amplifier 5. 
[0068] In this embodiment, for example, when a re- 
ceived signal is a 10-Gb/s NRZ (Non Return to Zero) 
signal, as the aforesaid "reference waveform", it is pos- 
sible to use a wavefomn, shown in FIG. 4, to be obtained 
by passing a square wave with 1 0 Gb/s and with DUTY: 
100% through a fourth-order Bessel-Tomson filter with 
a cutoff frequency of 7 GHz. 

[0069] It is acceptable that either the frequency data 
before the FFT or the frequency data after the FFT is 
stored as the "reference data" in the aforesaid reference 
data memory 22. However, in the case of the storage of 
the frequency data before the FFT, for the coincidence 
of the data condition, the "reference data" is also re- 
quired to undergo the FFT before the aforesaid differ- 
ence calculation. 

[0070] A detailed description will be giveri hereinbe- 
low of a basic operation of the optical receiving appara- 
tus 1 thus constructed according to this embodiment. 
[0071 ] First, an optical signal transmitted through the 
optical transmission line 30 is converted into a cunent 
signal by the photo-detecting device 2 and current/volt- 
age-converted by the preamplifier 3, and then inputted 
to the equalization amplifier 5. The equalization ampli- 
fier 5 amplifies the received signal (electric signal) and 
then outputs it to the clock recovery unit 6, the decision 
unit 7 and the monitor circuit 8. The clock recovery unit 
6 regenerates, from the received signal inputted from 
the equalization amplifier 5, a reference clock synchro- 



nized with the received wavefonn thereof. 
[0072] The reference clock regenerated is fed to the 
decision unit 7, the monitor circuit 8 (divider 11 ) and the 
signal processing section (not shown). The decision unit 

5 7 identifies/regenerates the output of the equalization 
amplifier 5 on the basis of the reference clock fed from 
the clock recovery unit 6 In this way, then outputting it 
to the aforesaid signal processing section. 
[0073] On the other hand, at this time, as FIG". 5 

10 shows, in the monitor circuit 8, the reference clock from 
the clock recovery unit 6 is divided down by the divider 
1 1 (dividing process), thereby generating an operational 
clock (which will equally be referred to hereinafter as a 
"division clock") producing a frequency which facilitates 

IS easy equivalent time sampling control (step SI ; sam- 
pling timing generating process). 
[0074] This division clock is inputted to the delay con- 
troller 12 (step S2), and the delay controller 12 changes 
the output timing of the division clock (delays by very 

20 short time) [step S3; sampling timing shift (delay control) 
process], and supplies it as a trigger output (sampling 
timing; which will equally be referred to hereinafter as 
"sampling trigger) to the sampler 1 3 (step S4), and out- 
puts the delay value at that time as sampling timing in- 

25 formation (an internal control signal which has control- 
led the delay time of the sampling trigger) to the A/D 
converter 14 (step 85). 

[0075] The sampler 13 opens a sampling gate (not 
shown), that is, conducts the output (which sometimes 

30 will be referred to hereinafter as an "equalization ampli- 
fication output") of the equalization amplifier 5, for only 
a very short time in response to each sampling trigger 
from the delay controller 12 to sample the wave-height 
data (sampling point; voltage value) on the equalization 

35 amplification output [step S6; (equivalent-time) sam- 
pling process] and output the wave-height data to the A/ 
D converter 1 4 (step S7). 

[0076] The A/D converter 1 4 converts the aforesaid 
delay time (sampling timing infonnation) inputted from 

40 the delay controller 1 2 and the wave-height data input- 
ted from the sampler 1 3 into digital signals and records 
them in the wavefonn recording memory 15 [steps S8 
and S9; wavefomn data recording process (the above 
description relates to a received wavefonn measuring 

45 process) . Thus, an eyei pattern of the received signal 
con^esponding to the delay time is recorded in the wave- 
form recording memory 15 (see FIG. 7). 
[0077] Secondly, in the control circuit 9, as FIG. 6 
shows, the processor 21 statistically processes the 

50 wave-height data at each sampling timing (delay time) 
recorded in the waveform recording memory 15 to ac- 
quire (reconstruct) received waveform data by connect- 
ing the wave-height data at the respective timings (see 
FIG. 8; step 810). In addition, the processor 21 (FFT 

55 section 211) obtains the frequency data [(amplitude) 
component and group delay (phase) component] of the 
received waveform by performing the FFT of the ac- 
quired received wavefonn data (step S11). 
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[0078] For example, assuming that the received 
waveform reconstructed as mentioned above shows a 
waveform shown In FIG. 9D, when the waveform shown 
in FIG. 9D is FFT-processed in the processor 21 , an am- 
plitude component shown in FIG. 9E and a group delay 
component shown in FIG. 9F are obtainable [In other 
words, the waveform shown in FIG. 9D has the ampli- 
tude component shown in FIG. 9E and the group delay 
component shown in FIG. 9F]. 

[0079] Furthermore, the processor 21 (difference cal- 
culating section 212) makes a comparison between the 
amplitude component and group delay component of 
the received waveform thus obtained and an amplitude 
component (see FIG. 9B) and group delay component 
(see FIG. 9G) of a reference waveform (see FIG. 9A) 
previously stored in the reference data memory 22 at 
every divided band stated above, thus calculating a dif- 
ference between the amplitude components and a dif- 
ference between the group delay components accord- 
ing to divided band (step SI 2, step SI 3 in FIG. 11 ; dif- 
ference calculating process). This calculation of each 
difference corresponds to the detection of a degradation 
degree of the eye aperture of the received signal. 
[0080] Still furthermore, as FIG. 11 shows, the proc- 
essor 21 obtains correction characteristics (for example, 
see FIGs. 1 0A and 10B) on the amplitude conrtponent 
and the group delay component to minimize the differ- 
ences in amplitude component and in group delay com- 
ponent, calculated according to divided band as men- 
tioned above (compensation characteristic determining 
process), and generates a control signal (digital signal) 
for controlling the frequency characteristic of the equal- 
ization amplifier 5, I.e., the group delay quantity of the 
phase shifter 52 and the gain of the amplifier 53, indi- 
vidually (step SI 4; control signal generating process). 
[0081] Moreover, the control signal generated as 
mentioned above is converted Into an analog signal by 
the D/A converter 23 and inputted to the conesponding 
(control-needed) phase shifter 52 and/or amplifier 63 of 
the equalization amplifier 5 (step SI 5), thereby control- 
ling the frequency characteristic of the equalization am- 
plifier 5 for compensating for the wavefonn degradation 
of the received signal stemming from the optical trans- 
mission line 30 as shown in FIGs. 1 0G to 1 0E (enlarging 
the eye aperture of the received signal; control process). 
[0082] FIG. 1 0G shows a received wavefomri after the 
compensation for waveform degradation, FIG. 10D 
shows an amplitude component of the waveform deg- 
radation compensated received waveform shown in 
FIG. 10C, and FIG. IDE illustrates a group delay com- 
ponent of the waveform degradation compensated re- 
ceived waveform shown In FIG. IOC. In this case, it Is 
not always necessary to implement the above-men- 
tioned difference calculation and frequency characteris- 
tic control of the equalization arriplifierS at all times. It 
is also possible to implement them intermittently or at a 
constant interval (for example, at an interval of 1 to sev- 
eral minutes) . This applies to the following description. 



In this case, as an advantage, it is possible to lighten 
the burden of the processor 21 . 
[0083] As described above, in the receiving apparatus 
1 according to this embodiment, it is possible to com- 
5 pensate for (enlarge) the wavefonn degradation (eye ^ 
aperture) of a received signal by detecting the wavefonn 
degradation degree (eye aperture) and controlling the 
frequency characteristic of the equalization amplifier 5, 
which enlarges the range of chromatic dispersion value 
10 allowable to the optical receiver 4 (that Is, improving the 
reception sensitivity characteristic to lengthen the ac- 
ceptable optical transmission distance), thus realizing 
and providing a low-priced and high-performance opti- 
cal receiving apparatus 1 without using a dispersion 
15 compensation fiber (DCF). 

[0084] In addition, since the chromatic dispersion val- 
ue range allowable to the optical receiver 4 is enlarge- 
able, one type of optical receiver 4 can cope flexibly with 
a plurality of types of optical transmission lines (for ex- 
ample, SMF, DSF and others) and with the waveform 
degradation (dispersion compensation quantity) ac- 
cording to transmission distance, which leads to consid- 
erably lowering the cost at the construction of an optical 
transmission system and the maintenance/manage- 
rs ment cost after the construction thereof. 

[0085] Still additionally, since the above-described 
optical receiving apparatus 1 can detect and compen- 
sate for the actual waveform degradation degree of a 
received signal In real time, in the case of ultra-high- 

30 speed optical transmission exceeding 10 Gb/s. even if 
the waveform degradation stemming from the chromatic 
dispersion, a received signal suffers, varies due to var- 
iations of the chromatic dispersion characteristic of the 
optical transmission line 30 originating from microscopic 

35 external factors such as temperature variations, the ap- 
paratus 1 Is followable to the variations. 
[0086] Moreover, since the processor 21 can univo- 
cally determine the optimum frequency characteristic of 
the equalization amplifier 5 which minimizes the differ- 

40 ences in frequency characteristic (amplitude and group 
delay), for example, as compared with a case in which 
the quality of a received signal Is monitored on the basis 
of a bit error rate (BER) of a received signal so that com- 
pensation control is executed to bring the quality to a 

45 predetemnlned degree, there Is no need to conduct a 
sweeping operation for obtaining the optimum frequen- 
cy pharacteristic of the equalization amplifier 5, and for 
this reason, fast and certain compensation control be- 
comes possible. 

50 [0087] Still moreover, the monitor circuit 8 acquires a 
plurality of wave-height data through equivalent-time 
sampling (a reference clock synchronized with a re- 
ceived signal is divided down. in the divider 11 and the 
divided clock is fed as a sampling timing to the sampler 

55 13 while being shifted (delayed) periodically in the delay 
controller 12) of a received signal (equalization amplifi- 
cation output) and records the acquired wave-height da- 
ta as received waveform data (eye pattern of the re- 
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ceived signal) in the wavefomn recording nnemory 15; 
therefore, irrespective of the reference clock rate (fre- 
quency), it is possible to generate a sannpling tinging on 
the basis of an appropriate operational clock in the ap- 
paratus at all times. 

[0088] Accordingly, it is possible to ensure certain re- 
cording/measurement of received waveform data even 
in a case in vyhich the received signal is an ultra-high- 
speed signal exceeding 10 Gb/s, so satisfactory conn- 
pensation control is executable also for high-speed sig- 
nals. 

[0089] I n particular, since the divider 1 1 and the delay 
controller 12 are used as mentioned above, although a 
divider capable of dividing down into integer (N) times 
is put to use, it is possible to output a sampling timing 
at an arbitrary timing owing to the delay control in the 
delay controller 12; whereupon, an equivalent-time 
sampling section 1 0 having an extremely high flexibility 
is realizable with a simple arrangement. 

(A-2) Description of Modification of Basic Mode 

[0090] In the optical receiving apparatus 1 according 
to the above-described basic mode, as the compensa- 
tion characteristic variable type waveform degradation 
compensating means, the frequency characteristic var- 
iable equalization amplifier 5 is used and the frequency 
characteristic thereof is conti-olled to compensate for 
waveform degradation arising from chromatic disper- 
sion of a received signal, although it is also possible to 
construct an optical receiving apparatus 1 for the com- 
pensation for the waveform degradation in a manner 
that, for example, as shown in FIG. 12, a variable optical 
dispersion compensator 5A having a variable chromatic 
dispersion characteristic is provided in the fonner stage 
of the aforesaid photo-detecting device 2 so that the 
chromatic dispersion characteristte thereof is controlled 
by the control circuit 9. 

[0091] Incidentally, as the variable optical dispersion 
compensator (which will equally be referred to herein- 
after as a "variable dispiersion compensator") 5A, a well- 
known device is available, for example, it can be of a 
type using a diffraction grating, an AWG (Arrayed Wave- 
Guide) filter, a Briagg reflection filter (fiber grating) or the 
like. This is also valid for the following description. In 
FIG. 12, the same reference numerals as those used 
above represent the same or corresponding parts, un- 
less otherwise specified particularly. 
[0092] In this configuration, the wavefomn recording 
processing (steps S1 to S9 in FIG. 5) in the monitor cir- 
cuit 9 and the difference detecting processing (steps 
SID to SI 2 in FIG. 6) in the control circuit 9 are similar 
to those in the basic mode. 

[0093] That is, in the monitor circuit 8, a reference 
clock inputted from the clock recovery unit 6 is divided 
down by the divider 11 and the divided clock is delay- 
controlled to shift the sampling trigger to be fed to the 
sampler 13. 



[0094] In addition, the sampler 1 3 samples the equal- 
ization amplification output according to input of the 
sampling trigger to acquire wave-height data. The ac- 
quired wave-height data, together with the delay value, 
5 is converted into a digital signal in the A/D converter 14 
and then recorded in the wavefomn recording memory 
15. 

[0095] Following this, in the control circuit 9, the proc- 
essor 21 (FFT section 211) reads out wave-height data 

10 from the waveform recording memory 1 5 to reconstruct 
the eye pattern of the received signal through statistical 
processing for obtaining an amplitude component and 
group delay component of the received signal according 
to dh/ided band mentioned above, through the FFT. In 

15 addition, as FIG. 13 shows, the processor 21 (difference 
calculating section 21 2) compares each of the obtained 
components and the frequency data (amplitude compo- 
nent and group delay component) on the reference 
wavefomn recorded previously in the reference data 

20 memory 22 for calculating a difference therebetween 
(stepS13*). 

[0096] Subsequently, the processor 21 (compensa- 
tion characteristk: determining section 213) calculates 
a dispersion compensation quantity or degree on the ba- 

25 sis of the tendency of the differences. For example, with 
respect to a received signal whose bit rate is 10 Gb/s, 
achromatic dispersion quantity correction value (disper- 
sion compensation characteristic of the variable disper- 
sion compensator 5 A), which compensates optimally for 

30 a waveform degradation the received signal suffers, is 
calculated on the basis of the ratio of the difference in 
low-frequency (for example, below several hundreds 
MHz) component less susceptible to the effect of the 
chromatic dispersion and the difference in high-frequen- 

35 cy (for example, several hundreds MHz or more) com- 
ponent susceptible to the effect of the chromatic disper- 
sion (step SI 4'). 

[0097] That is, when the difference in the high-fre- 
quency component is relatively larger than the differ- 

40 ence in the low-frequency component, it Is estimated 
that the eye aperture in the phase direction becomes 
smaller (phase is compressed; see FIG. 21 C) with re- 
spect to the original transmitted waveform (for example, 
see FIG. 21 A), and in the contrary case, it is estimated 

45 that the eye aperture in the amplitude direction becomes 
smaller (waveform is rounded; see FIG. 21 B), and the 
processor 21 determines a compensation quantity (cor- 
rection value) accordingly. 

[0098] For example, in a case in which optical trans- 
50 mission is made in an optical transmission band of 1 .65 
pm through the use of SMF of 1 .S-\vm zero dispersion 
wavelength band, when the chirping is set such that the 
rising of the waveform is on the short-wavelength side 
(the falling thereof is on the long-wavelength side) as 
55 mentioned above, the long-wavelength side is strongly 
susceptible to the effect of the chromatic dispersion so 
that the wavefonn is rounded, and hence, the dispersion 
compensation quantity is set as a plus con-ection value. 
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On the other hand, when the chirping setting is made 
conversely, it assumes a minus correction value. 
[0099] In addition, the processor 21 (control signal 
generating section 214) generates a dispersion com- 
pensation control signal on the basis of the dispersion 5 
compensation quantity correction value (digital value) 
obtained (detennined) as mentioned above, with this 
control signal being converted into an analog signal by 
the D/A converter 23 to be inputted as a dispersion com- 
pensation control signal to the variable dispersion com- io 
pensator 5A (step SI 5'). Thus, the waveform degrada- 
tion of an optical sijgnal received through the optical 
transmission line 30, stemming from the chromatic dis- 
persion, can be compensated for in the variable disper- 
sion compensator 5 A at the optical stage before the pho- '5 
toelectric conversion in the photo-detecting device 2. 
[0100] Accordingly, the advantages and effects simi- 
lar to those of the optical receiving apparatus 1 accord- 
ing to the above-described basic mode are obtainable, 
and in this case, since the compensation is made before 
the conversion of a received optical signal into an elec- 
tric signal in the photo-detecting device 2, the eye ap- 
erture of an optical waveform inputted to the photo-de- 
tecting device 2 is maintainable in a large condition and 
as compared with the above-described basic mode, the 25 
chromatic dispersion value range allowable to the opti- 
cal receiver 4 is further enlargeable. In consequence, 
the reception sensitivity characteristic of the optical re- 
ceiver 4 is further improvable. 

30 

(B) Application to WDM Optical Transmission System 

[0101] A description will be given hereinbelow of cas- 
es (first to fourth embodiments) in which the optical re- 
ceiver 4 (waveform degradation compensating method) 35 
according to the above-described basic rnode (or mod- 
ifications thereof) is applied to an optical receiving ap- 
paratus for use in a WDM optical transmission system 
designed to transmit a wavelength-multiplexed optical 
signal (WDM signal) made by multiplexing a plurality of 40 
types of wavelengths (channels) XI to Xn (n represents 
an integer equal to or more than two, for example, n = 
32, 64, 128,...). Also in the first to fourth embodiments 
which will be' described hereinbelow, the parts marked 
with the same reference numerals as those used above 
are the same as or similar to the parts described above, 
unless otherwise specified particularly. ■ 

(B-1) First Embodiment 

50. 

[0102] FIG. 14 is a block diagram showing a configu- 
ration of an essential part of an optical receiving appa- 
ratus according to a first embodiment of the present in- 
vention. As FIG. 14 shows, an optical receiving appara- 
tus 1 A is made up of a WDM coupler (demultiplexer) 31 55 
for demultiplexing a WDM signal from an optical trans- 
mission line 30 according to wavelength >.i (i = 1 to n) . 
a plurality of variable dispersion compensators 6A-1 to 



5A-n having a variable chromatic dispersion character- 
istic and provided with respect to the optical signals with 
the wavelengths Xi before the photoelectric conversion 
in the photo-detecting device 2, respectively, a plurality 
of optical receiving sections 32-1 to 32-n provided with 
respect to these variable dispersion compensators 5A- 
i, and a multi-channel dispersion corhpensation control 
circuit 33 for individually controlling the chromatic dis- 
persion characteristic of the corresponding variable dis- 
persion compensator 6A-I according to wavelength Xi. 
[0103] In addition, in this first embodiment, as FIG. 14 
shows, at least one [the optical receiving section 32-1 
for the wavelength XI (specified wavelength)] of the op- 
tical receiving sections 32-1 to 32-n includes an equal- 
ization-amplified waveform monitor circuit 8a (which will 
hereinafter be referred to simply as a "monitor circuit 
8a") comprising a divider 11, a delay controller 12, a 
sampler 1 3, an A/D converter 1 4, a waveform recording 
memory 1 5 and a processor 21 a such as a CPU or DSP, 
while only components (a photo-detecting device 2, a 
preamplifier 3, an equalization amplifier 5, a clock re- 
covery unit 6 and a decision unit 7) other than the mon- 
itor circuit 8a of this optical receiving section 32-1 are 
provided in each of the remaining optical receiving sec- 
tions 32-2 to 32-n (however, in FIG. 14, the internal com- 
ponents of the optical receiving section 32-n are omitted 
from the illustration). 

[0104] In this configuration, in the aforesaid monitor 
circuit Ba, the processor 21 a is for taking charge of the 
reconstruction (step SI 0) of a received waveform (eye 
pattern), the FFT arithmetic processing (step S11) and 
the comparison processing with a reference waveform 
(step SI 2), for example, mentioned above with refer- 
ence to FIG. 6. That is, in the monitor circuit 8a, the sec- 
tion other than this processor 21a corresponds to the 
aforesaid monitor circuit (received waveform measuring 
means; received signal wavefomri measuring unit) 8. 
[0105] On the other hand, the multi-channel disper- 
sion compensation control circuit 33 Is composed of a 
processor 33a, an inter-channel data memory (which 
will hereinafter be refen-ed to simply as a "memory") 33b 
such as a RAM, a control section 33c and a plurality of 
digital/analog (D/A) converters 33d-1 to 33d-n respec- 
tively provided with respect to wavelengths Xi. The 
memory 33b, as well as the aforesaid reference data 
memory 22, is for previously storing reference data (fre- 
quency data on a reference waveform) to be compared 
with a received waveform after FFT- processed, and is 
further for a dispersion compensation table 331 (see 
FIG. 15) showing the relaitionship in dispersion compen- 
sation quantity among channels. 

[01 06] In this case, the dispersion compensation table 
331 is made out on the basis of infonnation (type or the 
like) of an optical fiber for the optical transmission line 
30, or infomnation such as a transmission distance or 
wavelength spacing. As also seen from FIG. 22, the 
chromatic dispersion quantity each optical signal with a 
wavelength Xi undergoes depends upon the type (SMF, 
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DSF or the like) of the optical fiber, transmission dis- 
tance and wavelength spacing and, hence, If these in- 
fomnatlon are known In advance, when only a chromatic 
dispersion quantity corresponding to one wave Is ob- 
tained (actually measured), the chromatic dispersion 
quantity on another channel is naturally detemniined 
therefrom. Accordingly, the dispersion compensation ta- 
ble 331 is made to retain, as data in a table format, the 
relationship between a chromatte dispersion quantity 
correction value for one wave and chromatic dispersion 
quantity correction values (or offset values) for other 
channels, acquired through simulation (or actual meas- 
urement) or the like. 

[0107] In this connection, for example, as shown in 
FIG. 16, in a case In which a WDM signal sent from an 
optical transmitting apparatus 40 Is transmitted while the 
chromatic dispersion arising Jn an optical transmission 
line (in this case, SMF) is compensated for in a DCF in 
each repeat interval [reference numeral 50 designates 
an optica! repeater (optical amplifier)], If the wavelength 
spaces among the wavelengths XI , X2 and are set 
to be equal to each other, it has been known that, on the 
basis of the specified wavelength X2, the wavelengths 
XI and X3 suffer the substantially same chromatic dis- 
persion quantity. 

[0108] In addition, it is also possible that data made 
out previously through the use of a system managing 
unit such as a maintenance terminal is stored as the dis- 
persion compensation table 331 In the memory 33b, or 
that the aforesaid information on the optical fiber and 
infonnation on transmission distance and wavelength 
spacing aire inputted to the processor 33a so that the 
processor 33a makes out the dispersion compensation 
table 331 and puts it in the memory 33b. 
[0109] The aforesaid processor 33a takes over the 
processing from the processor 21 a on the monitor circuit 
8a side and conducts the difference detection (differ- 
ence calculation; step SI 3') and dispersion compensa- 
tion quantity correction value determination (step SI 4*) 
mentioned above with reference to FIG. 13, and further 
sees the aforesaid dispersion compensation table 331 
on the basis of that corriectlon value to obtain the dis- 
persion compensation quality correction values on other 
wavelengths (channels) X2 to Xn for generating a multi- 
channel control signal including conection value Infor- 
mation on all the wavelengths XI to Xn. Incidentally, it is 
also possible that this function of the processor 33a and 
the function of the processor 21 a is unified to one side. 
[01 1 0] Moreover, the control section 33c Is for gener- 
ating, on the basis of the dispersion compensation 
quantity correction value information on each wave- 
length Xi included in the multi-channel control signal 
generated by the processor 33a, a dispersion compen- 
sation control signal (CONT1-n; digital signal) for mak- 
ing the variable dispersion compensator 5A-i have a dis- 
persion compensation characteristic corresponding to 
the correction value. Each of the D/A converters 33d-i 
is for converting the dispersion compensation control 



signal from this control section 33c into an analog signal, 
then supplying it to the corresponding variable disper- 
sion compensator 5A-i. 

[0111] That is, in this first embodiment, the processor 
5 21a and the processor 33a take charge of realizing the 
functions of the aforesaid FFT section 211, difference 
calculating section 212, compensation characteristic 
detemiinlng section 213 and control signal generating 
section 214, while the monitor circuit Ba and the proc- 
10 essor 33a [calculating means 21 0 (FFT section 21 1 and 
the difference calculating section 212) realize the func- 
tions of the aforesaid received signal waveform degra- 
dation detecting unit (received wavefomn degradation 
detecting nrieans). 
15 [01 12] In addition, in this case, the processor 21 a and 
the multi-channel dispersion compensation control cir- 
cuit 33 function as an Individual compensation control 
section (control means) to calculate the differences on 
all the wavelengths XI to Xn on the basis of the differ- 
20 ence on a specified wavelength (in this case, wave- 
length XI ) for Individually controlling the chromatk; dis- 
persion compensation characteristic of each variable 
optical dispersion compensator 5A-i so as to minimize 
each of the differences. 
25 [0113] In this connection, it is also possible that the 
function of the aforesaid multi-channel dispersion com- 
pensation control circuit 33 is given unitarily to the mon- 
itor circuit 8a so that the optical receiving section 32-1 
has that function. 
30 [01 14] With the above-described arrangement, in this 
optical recording apparatus 1 A, as described in the ba- 
slcmode, with respect to, of the respective wavelengths 
XI to Xn, only one optical signal with one wave (in this 
case, XI), the equalization amplification output is mon- 
35 itored through the equivalent-time sampling, and the 
eye pattern of the received signal is recorded (see steps 
SI to S9 in FIG. 5), and further the difference relative to 
the reference wavefonn is calculated through the FFT 
cateulation to control the dispersion compensation char- 
40 acteristic of the variable dispersion compensator 5A-1 
for all the wavelengths XI to Xn on the basis of the cal- 
culated difference for individually compensating for the 
wavefomn degradation on all the wavelengths XI to Xn 
(see steps SIC to SI 2 in FIG. 6 and Steps S13' to S15' 
45 In FIG. 13). 

[0115] Accordingly, the advantages and effects simi- 
lar to those of the above-mentioned modification ac- 
cording to the basic mode are obtainable, and in this 
case, the difference (wavefonm degradation) detecting 
50 system (monitor circuit 8a and dispersion compensation 
control circuit 33) is required only for one channel, thus 
realizing and providing a smaller-sized and lower-priced 
optical receiving apparatus 1A. 

[0116] Incidentally, as a matter of course, it is also ac- 
55 ceptable that the aforesaid monitor circuit 8a is provided 
In any one of the optical receiving sections 32-2 to 32-n 
for the wavelengths X2 to Xn other than the wavelength 
XI . In addition, it is also possible that the monitor circuit 
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8a is not provided onty for one channel, but it is used for 
each of two or more channels or for each of alt the chan- 
nels. If the monitor circuits 8a are used for two or more 
channels, the apparatus scale becomes larger, but 
since the number of channels for the dispersion com- 5 
pensation quantity correction values to be estimated 
through the use of the dispersion compensation table 
331 decreases (that is, it leads to an increase in the 
number of channels for which correction values are de- 
termined on the basis of the actual values) , the com- io 
pensation accuracy is improvable. 
[0117] Moreover, in the above-described example, al- 
though the reference data memory 22 and the memory 
for storing the dispersion compensation table 331 are 
unified as the memory 33b, it is naturally possible that '5 
they are designed as separate memories. In the case of 
the use of the separate memories, for example, the ref- 
erence data memory 22 is placed on the monitor circuit 
8a side and the processor 21a makes a comparison be- 
tween a received waveform and a reference waveform. 20 

(B-2) Second Embodiment 

[01 18] FIG. 1 7 is a block diagram showing a configu- 
ration of an essential part of an optical receiving appa- 25 
ratus according to a second embodiment of the present 
invention. In FIG. 17, an optical receiving apparatus 1B 
is made up of a variable dispersion compensator 5A 
whose chromatic dispersion charactei'istic Is variable, a 
WDM coupler (demultiplexer) 31 for demultiplexing a 3p 
WDM signal from an optical transmission line 30 accord- 
ing to wavelength Xi, a plurality of optical receiving sec- 
tions 32-1 to 32-n respectively provided with respect to 
optical signals with the wavelengths X\ after demulti- 
plexed, and a dispersion compensation control circuit 35 
34 for controlling a chromatic dispersion characteristic 
of the variable dispersion compensator 5A in common 
with respect to the wavelengths A.i. 
[01 1 9] In addition, In this second embodiment, of the 
optical receiving sections 32-1 to. 32-n, the optical re- 40 
ceiving section 32-1 for one channel (In this case, the 
wavelength A.i) includes an equalization amplified wave- 
form monitor circuit 8b (which will hereinafter be referred 
to simply as a "monitor circuit 8b") comprising a dh/ider 
11 , a delay controller 1 2, a sampler 1 3, an A/D converter ^5 
14, a wavefonn recording memory 15 and a processor . 
21b such as a CPU or DSP, and components (a photo- 
detecting device 2, a preamplifier 3, an equalization am- 
plifier 5, a clock extractor 6 and a decision unit 7) other 
than the monitor circuit 8b of the optical receiving sec- so 
tion 32-1 are provided in each of the remaining optical 
receiving sections 32-2 to 32-n (in FIG. 17, the internal 
components of the optical receiving section 32-r» are 
omitted from the illustration). 

[0120] Also in this case, in the monitor circuit 8b, the 55 
processor 21b takes charge of the reconstruction (step 
SIC) of a received waveform (eye pattern), the FFT 
arithmetic processing (step.SH) and the comparison 



(step SI 2) wlth a reference waveform, mentioned above 
with reference to FIG. 6. That is, also in this case., in the 
monitor circuit 8b, the section other than this processor 
21b corresponds to the monitor circuit (received wave- 
form measuring means; received signal waveform 
measuring unit) 8. 

[0121] On the other hand, the dispersion compensa- 
tion control circuit 34 includes a processor 34a, a refer- 
ence data memory 34b, a control section 34c and a dig- 
ital/analog (D/A) converter 34d. Also in this case, the 
reference data memory 34b is for storing reference data 
(frequency data on a reference waveform) to be com- 
pared with a received wavefomn after FFT-processed, 
and In this case, it is made to record, as reference wave- 
fomn data, waveform data for the wavelength XI when 
batch compensation is made for all the channels to ac- 
complish the optimum dispersion compensation. 
[0122] The processor 34a takes over the processing 
from the processor 21 b and fulfills the functions to con- 
duct the difference detection (step S1 3') and the correc- 
tion value deterrhination on the dispersion compensa- 
tion quantity of the variable dispersion compensator 5A 
(step SI 4*) mentioned above with reference to FIG. 13. 
Also in this case, the function of the processor 34a and 
the function of the processor 21 b can be placed unitarily 
in one side. 

[01 23] The control section 34c is for generating a dis- 
persion compensation control signal (digital signal) cor- 
responding to the dispersion compensation quantity 
correction value obtained in the processor 34a, and the 
D/A converter 34d converts the dispersion compensa- 
tion control signal generated in the control section 34c 
into an analog signal, then supplying it to the variable 
dispersion compensator 5A. 

[0124] That is, in the second embodiment, the proc- 
essor 21b and the processor 34a realize the functions 
of the above-mentioned calculating means 210 (FFT 
section 211. difference cateulating section 212), the 
compensation characteristic detemiining section 213 
and the control signal generating section 214, while the 
monitor 8b and the processor 34a [calculating means 
21 0 (FFT section 211 and difference calculating section 
21 2)] realizes the function of the aforesaid received sig- 
nal waveform degradation detecting unit (received 
wavefomrj degradation detecting means). 
[0125] In addition, in this case, the processor 21 b and 
the dispersion compensation control circuit 34 function 
as a batch compensation control section (control 
means) for batch-controlling the chromatic dispersion 
characteristic of the variable dispersion compensator 
5A in common with respect to the wavelengths XI to Xn. 
Incidentally, it is also possible to incorporate the function 
of the dispersion compensation control circuit 34 into the 
monitor circuit 8b and place the incorporated function in 
the optical receiving section 32-1 . 
[01 26] With the above-described arrangement, in this 
optical receiving apparatus 1B. the equalization ampli- 
fication output is monitored through the equivalent-time 
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sampling, as described in the basic mode, with respect 
to, of optical signals having the wavelengths X\ to Xn, 
only an optical signal of one wave (in this case, X1) to 
record an eye pattern of a received signal (see steps SI 
to S9 in FIG. 5), and a difference from a reference wave- 5 
form is obtained through the use of the FFT arithmetic 
processing to control the dispersion compensation char- 
acteristic of the variable dispersion compensator 5A on 
the basis of the obtained difference for compensating 
for the waveform degradation on all the wavelengths X^ io 
to Xn (see steps S10 to S12 in FIG. 6 and steps S13' to 
S15' In FIG. 13). 

[0127] Accordingly, the advantages and effects simi- 
lar to those of the above-described basic mode and 
modification thereof are obtainable, and in this case, as ^5 
compared with the optical receiving apparatus 1A de- 
scribed above with reference to FIG. 1 4, the variable dis- 
persion compensator 5A required is one In number, and 
the scale of the dispersion compensation control circuit 
34 Itself is reducible because the D/A converters 34d-i 20 
for the respective wavelengths and others become un- 
necessary, which can realize an optical receiving appa- 
ratus 1 B reduced in size as a whole and towered in cost. 
[0128] In particular, In this case, since the number of 
optical devices is reducible, it is possible to suppress 
the occurrence of the phenomenon causing the wave- 
form degradation, such as polarization-mode conver- 
sion at connection points thereof, to the utmost, thus 
achieving further improvement of the compensation ac- 
curacy as compared with the above-described optical 30 
receiving apparatus iA. 

{B-3) Third Embodiment 

[01 29] FIG. 1 8 is a block diagram showing a configu- 
ration of an essential part of an optical receiving appa- 
ratus according to a third embodiment of the present in- 
vention. In FIG. 18. an optical receiving apparatus 1C is 
made up of a variable dispersion compensator 5A 
whose chromatic dispersion characteristic is variable, a 
WDM coupler (demultiplexer) 31 for demultiplexing a re- 
ceived WDM signal according to wavelength Xi, a plu- 
rality of optical receiving sections 32-1 to 32-n respec- 
tively provided with respect to the wavelengths Xi after 
demultiplexed, and a dispersion compensation control 
circuit 35. 

[0130] In this third embodiment, each of the optical 
receiving sections 32-1 to 32-n includes a monitor circuit 
8 (a divider 11, a delay controller 12, a sampler 13, an 
A/D converter 14, a wavefomn recording memory 15 and 
a processor 21 such as a CPU or DSP) and a control 
circuit 9 [a processor 21 (an FFT section 211 , a differ- 
ence calculating section 212, a compensation charac- 
teristic detemilning section 213, a control signal gener- 
ating section 214), a reference data memory 22, a D/A 
converter 23], shown in FIG. 1 , (in FIG. 18, the internal 
components of the optical receiving section 32-2 are 
omitted from the Illustration). 



[0131] On the other hand, the dispersion compensa- 
tion control circuit 35 is composed of a processor 35a 
such as a CPU or DSP, a control section 35c and a dig- 
ital/analog (D/A) converter 35d. The processor 35a re- 
ceives- information on a difference between a received 
waveform and a reference waveform, obtained in the 
processor 21 of each of the control circuits 9 of the op- 
tical receiving sections 32-1 and 32-n for two channels 
(wavelengths XI and Xn), existing at both ends, of the 
optical receiving sections 32-1 to 32-n for performing a 
function to obtain the optimum (difference minimizing) 
dispersion compensation characteristic (correction val- 
ue) of the variable dispersion compensator 5A on the 
basis of these information. 

[0132] In this case, because of the acquisition of the 
differences with respect to both-end wavelengths XI 
and Xn, the processor 35a can detect the slope of the 
chromatic dispersion characteristic additionally. Accord- 
ingly, when a device capable of changing not only the 
chromatic dispersion quantity but also the slope of the 
chromatic dispersion characteristic Is applied to the var- 
iable dispersion compensator 5A, it is possible to addi- 
tionally compensate for the slope of the chromatic dis- 
persion characteristic (called "slope compensation"), 
thus realizing finer chromatic dispersion compensation. 
[01 33] The control section 35c is for generating a dis- 
persion compensation control signal (digital signal) cor- 
responding to a correction value of the chromatic dis- 
persion quantity obtained by the processor 35a and the 
slope of the chromatic dispersion characteristic, while 
the D/A converter 35d is for converting the dispersion 
compensation control signal generated by the control 
section 35c into an analog signal, then supplying it to 
the variable dispersion compensator 5A. 
[0134] That is, in this optical receiving apparatus 1C, 
the monitor circuit 8 and the processor 21 (calculating 
means 210), functioning as the aforesaid received sig- 
nal waveform degradation detecting unit, are provided 
for each of all the wavelengths XI to Xn, while the vari- 
able dispersion compensator 5A placed at the former 
stage of the WDM coupler 31 and the frequency char- 
acteristic variable type equalization amplifier 5 placed 
in conjunction with each of electric signals after the pho- 
toelectric conversion of demultiplexed optical signals by 
the WDM coupler31 made In the photo-detecting device 
2 realize a wavefomri degradation compensating means 
capable of compensating for the waveform degradation* 
the received WDM signal suffers. 
[0135] In addition, each of the control circuits 9 per- 
forms the function as an equalization amplifier control 
section to control the frequency characteristic of the cor- 
responding equalization amplifier 5 to minimize the dif- 
ference between a received waveform and a reference 
wavefomn detected by the corresponding waveform 
degradation detecting unit, while the dispersion com- 
pensation control circuit 35 fulfills the function as a batch 
compensation control section to batch-control the chro- 
matic dispersion characteristic of the variable dispersion 
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compensator 5A in common with respect to the wave- 
lengths A.1 to Xn on the basis of the differences on the 
specified wavelengths X1 and Xn. Moreover, these con- 
trol circuits 9 and 35 realize a control means for control- 
ling the compensation characteristics (chromatic disper- 
sion characteristic and frequency characteristic) of the 
aforesaid variable dispersion compensator 5A and 
equalization amplifier 5 functioning as the wavefomri 
degradation compensating means. 
[0136] Incidentally, the function of the dispersion com- 
pensation control circuit 35 can be placed unitarily in the 
function of the control circuit 9 so that the optical receiv- 
ing section 32-1 or 32-2 has that function additionally. 
[0137] With the above- described arrangement, in this 
optical receiving apparatus 1C, as mentioned above in 
the basic mode, with respect to each of the wavelengths 
A.1 to Xn, the equalization amplification output is moni- 
tored through the equivalent-time sampling in the mon- 
itor circuit 8 to record the eye pattern of a received signal 
(see steps SI to S9 in FIG. 5), and a difference from the 
frequency data of the reference waveform is obtained 
through the use of F FT to control the frequency charac- 
teristic of the equalization amplifier 5 on the basis of the 
obtained difference for electrically compensating indi- 
viduatiy for the waveform degradation of the wave- 
lengths XI to Xn (see steps S10 to SI 2 in FIG. 6 and 
steps S13 to S15 in FIG. 7). 

[0138] Still additionally, the dispersion compensation 
control circuit 35 detects a correction value of the dis- 
persion compensation quantity and a slope of the dis- 
persion compensation characteristic so as to minimize 
the aforesaid difference, and supplies the correspond- 
ing dispersion compensation control signal to the varia- 
ble dispersion compensator 5A, thereby optically con- 
ducting the batch dispersion compensation with respect 
to the optical signals with the wavelengths XI to Xn. 
[0139] That is, this optical receiving apparatus 1C is 
designed to make the compensation at two stages, that 
is, the variable dispersion compensator 5A performs the 
optical dispersion compensation In batches with respect 
to all the channels and the equalization amplifier 5 con- 
ducts the electrical dispersion compensation with re- 
spect to each of the channels. Therefore, even if the op- 
tical batch dispersion compensation cannot achieve the 
compensation for the wavefomn degradation, owing to 
the electrical dispersion compensation according to 
channel at the latter stage, it Is possible to achieve the 
compensation for received wavefpnn degradation more 
certainly. 

[0140] Moreover, in this case, since the waveform 
degradation Is compensated for to some extent at the 
time of the execution of the optical dispersion compen- 
sation, the electrical dispersion compensation quantity 
In the equalization amplifier 6 is further reducible as 
compared with no execution of the optical dispersion 
compensation. Accordingly, it is possible to lighten the 
characteristics (compensation capability) such as 
phase variable width and gain variable width needed for 



the phase shifter 52, the amplifier 53 and others consti- 
tuting the equalization amplifier 5, thus realizing this op- 
tical receiving apparatus 1 C at a lower cost. 
[0141] In the above-described example, although the 

5 differences on the both-end wavelengths XI and Xri from 
the reference wavefomi are used for obtaining the slope 
of the chromatic dispersion characteristic in the disper- 
sion conipensatlon control circuit 35, as a matter of 
course, it is not always necessary to use both end wave- 

10 lengths, but It Is also possible to employ the differences 
on arbitrary two wavelengths (however, two wave- 
lengths separated as much as possible from each other 
are more preferable than two wavelengths adjacent to 
each other). Moreover, naturally, it is also possible to 

15 obtain the slope of a chromatic dispersion characteristic 
through the use of the differences on three or more 
wavelengths. 

[0142] Furthermore, if a device capable of additionally 
changing the slope of the chromatic dispersion charac- 

^0 teristic is applied to the variable dispersion compensator 
5A, it Is effective to obtain the slope of the chromatic 
dispersion characteristic using the differences on two or 
more wavelengths as mentioned above, while in other 
cases, it is not always necessary to obtain the slope of 

25 the chromatic dispersion characteristic. In such cases, 
as with the second embodiment (see FIG. 1 7), it Is also 
possible that a dispersion compensation quantity cor- 
rection value is acquired on the basis of a difference on 
one wavelength to control the variable dispersion com- 

30 pensator 5A. However, naturally, it is also possible to 
employ the difference Information on two or more wave- 
lengths for the purpose of upgrading the accuracy of the 
connection value to be obtained. 

35 (B-4) Fourth Embodiment 

[0143] FIG. 1 9 is a block diagram showing a configu- 
ration of an essential part of an optical receiving appa- 
ratus according to a fourth embodiment of the present 

40 invention. In FIG. 1 9, an optical receiving apparatus 1D 
is made up of an optical dispersion compensator (which 
will hereinafter be referred to simply as a "dispersion 
compensator") 6B whose chromatic dispersion charac- 
teristic is fixed, a WDM coupler (demultiplexer) 31 for 

^5 demultiplexing a received WDM signal according to 
wavelength Xi, and a plurality of optical receiving sec- 
tions 32-1 to 32-n respectively provided with respect to 
wavelengths XI after demultiplexed. Each of the optical 
receiving sections 32-1 Includes a monitor circuit 8 (a dl- 

50 vider 1 1 , a delay controller 1 2, a sampler 1 3, an A/D con- 
verter 14, a waveform recording memory 15 and a proc- 
essor 21 such as a CPU or DSP) and a control circuit 9 
(a processor 21 , a reference data memory 22 and a 0/ 
A converter 23) shown in FIG. 1 (in FIG. 19, the Internal 

55 components of the monitor circuit 8 and the optical re- 
ceiving sections 32-2 to 32-n are omitted from the illus- 
tration). 

[0144] That is, In the configuration of the optical re- 
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ceiving apparatus 1D shown In FIG. 19, the optical re- 
ceiving apparatus 1 shown in FIG. 1 is provided a 
number of wavelengths multiplexed in a WDM signal. In 
other words, the monitor circuit 8 and the processor 21 
(calculating means 210), functioning as the aforesaid 
waveform degradation detecting unit, Is provided with 
respect to each of the wavelengths X\, while the afore- 
said dispersion compensator 5B and a plurality of fre- 
quency characteristic variable type equalization ampli- 
fiers 5 provided with respect to each of the electric sig- 
nals after the photoelectric conversion of the demulti- 
plexed optical signals by the WDM coupler 31 in the pho- 
to-detecting device 2 constitute a waveform degradation 
compensating means. 

[0145] In addition, each of the control circuits 9 func- 
tions as an equalization amplifier control section for 
each wavelength X\ to control the frequency character- 
istic of the corresponding equalization amplifier 5 for 
minimizing the difference between a received wavefonm 
detected by the corresponding waveform degradation 
detecting unit and a reference waveform, and these con- 
trol circuits 9 realize a control means for controlling the 
compensation characteristic of the aforesaid wavefomn 
degradation compensating means. 
[01 46] With the above-described configuration, in this 
optical receiving apparatus 1 D, the dispersion compen- 
sator 5B compensates optically for the waveform deg- 
radation arising from the chromatic dispersion of a WDM 
signal to some extent, and each of the optical receiving 
sections 32-i conducts the monitor/recording of an eye 
pattern of a received signal, the difference detection 
from a reference waveform and the frequency charac- 
teristic control of the equalization amplifier 5 for mini- 
mizing the detected difference, mentioned above in the 
basic mode, thereby accomplishing the electrical wave- 
form degradation compensation according to wave- 
length X.i. 

[0147] Accordingly, also in this case, the advantages 
and effects similar to those mentioned above in the ba- 
sic mode are obtainable, and as with the above-de- 
scribed third embodiment, it is possible to lighten the 
characteristics such as phase variable width iand gain 
variable width needed for the phase ishifter 52, the am- 
plifier 53 and others constituting the equalization ampli- 
fier 5, thus realizing this optica! receiving apparatus 1D 
at a lower cost. 

[0148] Iricidentalty, if the compensation by the equal- 
ization amplifier 5 achieves sufficient compensation, it 
is also possible to remove the aforesaid dispersion com- 
pensator 5B. 

(C) Others 

[0149] Although all the above-described embodi- 
ments are made to detect the waveform stemming from 
the chromatic dispersion, it Is possible to detect the 
waveform degradation stemming from the polarization 
mode dispersion in the same way. That is, according to 



the present invention, because of the calculation of the 
difference in frequency between a received waveform 
and a reference waveform, the wavefomn degradation 
quantity is dielectable in the same manner whether the 

5 factor to the wavefonn degradation is the chromatic dis- 
persion or the polarization mode disjsersion. 
[01 50] Accordingly, the above-mentioned compensa- 
tion by the equalization amplifier 5 is similarly feasible 
with respect to the waveform degradation stemming 

10 from the polarization mode dispersion, and when a well- 
known movable polarization mode dispersion compen- 
sator is used in pliace of the variable dispersion compen- 
sator 5A or 5A-i, the compensation at the optical signal 
stage is also feasible. In addition, the compensation for 

IS the wavef omn degradation stemming from both the chro- 
matic dispersion and polarization mode dispersion is al- 
so feasible through the use of a combination of the var- 
iable dispersion compensator 5A (5A-1) and the varia- 
ble polarization mode dispersion compensator. In par- 

20 ticular, in this case, since the difference detecting sys- 
tem and the compensation control system are used in 
common with respect to the chromatic dispersion and 
the polarization mode dispersion, the size reduction of 
the apparatus is achievable. 

25 [0151] In addition, although all the above-described 
embodiments relate to the application of the present in- 
vention to an optical receiving apparatus for receiving 
optical signals, the invention is also applicable to a re- 
ceiving apparatus for receiving electric signals. Still ad- 

30 ditionally, a section [monitor circuit 8 (8a. 8b)] or a sec- 
tion functioning as a wayefonn degradation detecting 
unit functioning as a received signal wavefomn measur- 
ing unit is applicable to any apparatus if it is capable of 
receiving a signal subjected to waveform, degradation, 

35 and it is possible to conduct the waveform monitor and 
detection of the wavefonn degradation quantity with 
high accuracy. 

[0152] Moreover, although in the above-described 
embodiments the FFT is used for the conversion of re- 
40 celved waveform data Into a frequency domain, the 
present invention is not limited to this, but it is also pos- 
sible to employ another method for the conversion into 
a frequency domain. 

[01 53] It should be understood that the present inveh- 
tion is not limited to the above-described embodiments, 
and that it is intended to cover all changes and modifi- 
cations of the embodiments of the invention herein 
which do not constitute departures from the spirit and 
scope of the invention. 

50 

Claims 



1. A receiving apparatus characterised by compris- 
es ing: 

compensation characteristic variable type 
wavefomn degradation compensating rneans 
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for compensating for waveform degradation of 
a received signal; 

received wavefomn measuring means (8, 8a or 
8b) for measuring received waveform data be- 
ing waveform data on said received signal; and ^ 
control means for controlling a compensation 
characteristic of said wavefomri degradation 
compensating means so that a difference be- 
tween frequency data on said received signal 
obtained by converting said received wavefomi "fo 
data measured by said received wavefomn 
measuring means (8, 8a or 8b) into a frequency 
domain and frequency data on a reference 
waveform free from wavefomn degradation 
reaches a minimum. is 

A receiving apparatus according to claim 1 , char- 
acterised In that said received waveform measur- 
ing means (8, 8a or 8b) includes: 

20 

an equivalent-time sampling section (10) for 
equivalent-time-sampling said received signal 
to acquire a plurality of wave-height data on 
said received signal; and 
a wave-height data recording section (15) for 
recording, as said received wavefomn data, 
said wave-height data acquired by said equiv- 
alent-time sampling section (10). 

A receiving apparatus according to claim 2, char- 30 
acterised in that said equivalent-time sampling 
section (10) includes: 

a sampling timing generating circuit for gener- 
ating a sampling timing on the basis of a refer- 35 
ence ciocic synchronized with said received sig- 
nal to output said sampling timing while shifting 
a timing of output thereof periodically; and 
a sampling circuit (13) for sampling said re> 
celved signal in accordance with said sampling ^ 
timing generated in said sampling timing gen- 
erating circuit to acquire said wave-height data. 

A receiving apparatus according to claim 3, char- 
acterised in that said sampling timing generating 45 
circuit includes: 

a divider(11) for dividing said reference clock 
down; and 

a delay control circuit (1 2) for supplying an out- so 
put of said divider (11) to said sampling circuit 
(13) while delaying said output periodically. 

A receiving apparatus according to any one of 
claims 1 to 4, characterised in that said control 55 
means includes: 

a reference wavefomn data storing section (22. 



33b or 34b) for storing said frequency data on 
said reference wavefomn previously; 
a Fourier-transfomn section (211) for perform- 
ing Fourier transform of said received wave- 
form data to obtain said frequency data on said 
received signal; 

a difference calculating section (212) for calcu- 
lating a difference between said frequency data 
obtained by said Fourier transform section 
(211 ) and saidfrequency data in said reference, 
wavefomn data storing section (22, 33b or 34b); 
a compensation characteristic determining 
section (213) for obtaining a compensation 
characteristic of said waveform degradation 
compensating means (5, 5A or 5A-1 to 5A-n) 
which minimizes said difference calculated by 
said difference calculating section (212); and 
a control signal generating section (214) for 
generating a control signal for controlling said 
waveform degradation compensating means 
(5, 5A or 5A-1 to 5A-n) so that said waveform 
degradation compensating means has said 
compensation characteristic obtained by said 
compensation characteristic determining sec- 
tion (213). 

6. A receiving apparatus according to any one of 
claims 1 to 5, characterised in that said waveform 
degradation compensating means Is constructed 
with an equalization amplifier (5) having a variable 
frequency/phase characteristic as said compensa- 
tion characteristic, and said control means is made 
to control said frequency/phase characteristic of 
said equalization amplifier (5). 

7. A receiving apparatus according to claim 6, char- 
acterised in that said equalization amplifier (5) in- 
cludes: 

. a plurality of band-pass filters (51) having dif- 
ferent pass bands with respect to said received 
signal; and 

a plurality of phase/gain adjusting circuits each 
for performing phase adjustment and gain ad- 
justment with respect to each of outputs of said 
band-pass filters, each of said plurality of 
phase/gain adjusting circuits comprising a 
phase sifter (52) for perfomning the phase ad- 
justment with respect to an input signal and a 
gain variable amplifier (53) for amplifying said 
input signal, with said phase shifter (52) and 
said gain variable amplifier (53) being connect- 
ed in series to each other, 
said control means being made to Indivrdually 
control a phase adjustment quantity In said 
phase shifter (52) and an amplification degree 
in said amplifier (53) for controlling said fre- 
quency/phase characteristic. 
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8. A receiving apparatus according to any one of 
claims 1 to 5» characterised in that, in a case in 

. which said received signal is a signal which is re- 
ceived through an optical transmission line (30) and 
undergoes wavefonn degradation based on a chro- 5 
matic dispersion characteristic of said optical trans- 
mission line (30) as said waveform degradation, 
said wavefonn degradation compensating means is 
constructed with a variable dispersion compensator 
(5A) having a variable dispersion compensation io 
characteristic as said compensation characteristic, 
while said control means is designed to control said 
dispersion compensation characteristic of said var- 
iable dispersion compensator (5A). 

15 

9. A receiving apparatus comprising: 



10. A receiving apparatus according to claim 9, char- 
acterised in that said waveform degradation com- 
pensating means is constructed as a dispersion 
characteristic variable type variable optical disper- 
sion compensator (5A) placed at the former stage 
of said demultiplexing section (31). while said con- 
trol means Is constructed as a batch compensation 
control section (34) made to batch-control a disper- 
sion characteristic of said variable optical disper- 
sion compensator (5A) in common with respect to 
said wavelengths. 



11. A receiving apparatus according to claim 9, char- 
acterised in that sard waveform degradation com- 
pensating means is composed of a plurality of dis- 
persion characteristic variable type variable optical 
dispersion compensators (5A-1 to 5A-n) each pro- 
vided for each of optical signals before photoelectric 
conversion at the latter stage of said demultiplexing 
section (31 ), while said control means is construct- 
ed as an individual compensation control section 
(33) for calculating differences on all wavelengths 
(XI to Xn) on the basis of said difference with re- 
spect to said specified wavelength (Xi) to control 
dispersion compensation characteristics of said 
variable optical dispersion compensators (5A-1 to 
5A-n) individually so that each of the differences 
reaches a minimum. 

12. A receiving apparatus according to claim 9. char- 
acterised in that said received wavefomi degrada- 
tion detecting means is provided with respect to 
each of the wavelengths ^X^ to A.n), and said wave- 
form degradation compensating means is com- 
posed of a dispersion characteristic variable type 

. variable optical dispersion compensator (5A) 
placed at the fonner stage of said demultiplexing 
section (31) and a plurality of frequency/phase 
characteristic variable type equalization amplifiers 
(5) placed with respect to each of electric signals 
after the photoelectric conversion of the demulti- 
plexed optical signals from said demultiplexing sec- 
tion (31), while said control means is composed of 
equalization amplifier control sections (9) each 
placed according to wavelength (XI to Xn) for con- 
trolling a frequency/phase characteristic of the cor- 
responding equalization amplifier to minimize the 
difference detected by the corresponding received 
wavefomn degradation detecting means and a 
batch compensation control section (35) for batch- 
controlling a dispersion characteristic of said varia- 
ble optical dispersion compensator (5A) on the ba- 
sis of the difference on said specified wavelength 
(Xi) in common with respect to the wavelengths (XI 
to Xn). 

13. A receiving apparatus according to claim 9, char-r 
acterised In that said received wavefomn degrada- 
tion detecting means Is provided with respect to 
each of the wavelengths (XI to Xn), and said wave- 
form degradation compensating means is com- 
posed of a plurality of frequency/phase character- 
istic variable type equalization amplifiers (5) each 
placed with respect to each of electric signals after 
photoelectric conversion of the demultiplexed opti- 
cal signals from said demultiplexing section (31), 
while said control means is composed of equaliza- 
tion amplifier control sections (9) each placed ac- 
cording to wavelength (X1 to Xn) for controlling a 
frequency/phase characteristic of the correspond- 



a demultiplexing section (31) for receiving a 
wavelength-multiplexed optical signal compris- 
ing a plurality of types of wavelen gths (XI to Xn) 20 
multiplexed, through an optical transmission 
line to perform demultiplexing according to 
wavelength (X1 toXn); 

compensation characteristic variable, type 
waveform degradation compensating means 25 
for compensating for waveform degradation 
said wavelength-multiplexed optical signal un- 
dergoes due to a dispersion characteristic of 
said optical transmission line (3b); 
received wavefonm degradation detecting 30 
means provided with respect to at least one op- 
tical signal with a specified wavelength (XI; i = 
one of 1 to n), of the demultiplexed optical sig- 
nals from said demultiplexing section (31), for 
detecting a difference between frequency data 35 
In a frequency domain of a received signal after 
photoelectric conversion of said optical signal 
and frequency data on a reference wavefomn 
free from wavefomn degradation; and 
control means for controlling a compensation 40 
characteristic of said waveform degradation 
compensating means so that the difference on 
said specified wavelength (Xt). obtained by said 
received wayefomn degradation detecting 
means, reaches a minimum. 45 
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ing equalization amplifier (6) to minimize the differ- 
ence detected by the corresponding received wave> 
form degradation detecting means. 

14. A receiving apparatus according to any one of 
claims 9 to 13, characterised in that said received 
wavefonn degradation detecting means includes: 

received wavefonn measuring means (8, 8a or 
8b) for measuring received waveform data; and 
calculating means (210) forcateulating a differ- 
ence between said frequency data on said re- 
ceived signal, obtained by performing Fourier- 
transform of said received wave form data 
measured by said received wave form measur- 
ing means (8 , 8a or 8b) , and said frequency da- 
ta on said reference waveform. 

15. A receiving apparatus according to claim 14, char- 
acterised in that said received waveform measur- 
ing means (8, 8a or 8b) Includes: 

an equivalent-time sampling section (10) for 
equivalent-time-sampling said received signal 
to acquire a plurality of wave-height data on 
said received signal; and 
a waveform data recording section (15) for re- 
cording said wave-height data acquired by said 
equivalent-time sampling section (10), as said 
received waveform data. 

16. A receiving apparatus according to claim 15, char- 
acterised in that said equivalent-time sampling 
section (10) includes: 

a sampling timing generating circuit for gener- 
ating a sampling timing on the basis of a refer- 
ence clock synchronized with said received sig- 
nal to output said sampling timing while shifting 
a timing of output thereof periodically; and 
a sampling circuit for sampling said received 
signal in accordance with said sampling timing 
generated in said sampling timing generating 
circuit to acquire said wave-height data. 

17. A receiving apparatus according to claim 1 6, char- 
acterised in that said sampling timing generating 
circuit includes: 

a divider (11) for dividing said reference clock 
down;, and 

a delay control circuit (1 2) for supplying an out- 
put of said divider (11) to said sampling circuit 
(13) while delaying said output periodically 

18. A received signal waveform degradation detecting 
apparatus characterised by comprising: 



an equivalent-time sampling section (10) for 
equivalent-time-sampling said received signal 
to acquire a plurality of wave-height data on 
said received signal; and 
a waveform data recording section (15) for re- 
cording said wave-height data acquired by said 
equivalent-time sampling section (10), as said 
received waveform data. 

20. A received signal wavefomrj degradation detecting 
apparatus according to claim 19, characterised in 
that said equivalent-time sampling section (10) in- 

30 eludes: 

a sampling timing generating circuit for gener- 
ating a sampling timing on the basis of a refer- 
ence clock synchronized with said received sig- 
^ nal to output said sampling timing while shifting 

a timing of output thereof periodically; and 
a sampling circuit (13) for sampling said re- 
ceived signal in accordance with said sampling 
timing generated in said sampling timing gen- 
^0 erating circuitto acquire said waye-height data. 

21. A received signal waveform degradation detecting 
apparatus according to claim 20, characterised in 
that said sampling timing generating circuit In- 
dudes: 

a divider (11) for dividing said reference clock 
down; and 

a delay control circuit (12) for supplying an out- 
put of said divider (11) to said sampling circuit 
(13) while delaying said output periodically. 

22. A received signal waveform measuring apparatus 
characterised by comprising: 

55 

an equivalent-time sampling section (10) for 
equivalent-time-sampling a received, signal to 
acquire a plurality of wave-height data on said 



received waveform measuring means (8, 8a or 
8b) for measuring received waveform data be- 
ing waveform data on a received signal; 
calculating means (21 0) for calculating a differ- 
ence between frequency data on said received 
signal obtained by converting said received 
wavefonn data, measured by said received 
wavefonn measuring means (8, 8a or 8b), into 
a frequency domain and frequency data on a 
reference waveform free from wavefomn deg- 
radation. 

19. A received signal waveform degradation detecting 
apparatus according to claim 18, characterised in 
that said received wavefonn measuring means (8, 
8a or 8b) includes: 
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23. 



received signal; and 

a wavefpnn data recording section (15) for re- 
cording said wave-height data acquired by said 
equivalent-time sampling section (10), as 
waveform data on said received signal to be 
converted into a frequency domain for calcula^ 
tlon of a difference from frequency data on a 
reference wavefonn free from wavefomn deg- 
radation. 

A received signal wavefonn measuring apparatus 
according to claim 22, characterised In that said 
equivalent-time sampling section (1 0) includes: 



10 



26. A received signal wave form degradation compen- 
sating method according to claim 25, character- 
ised In that said received wavefomi measuring 
step (SI to S9) includes: 

an equivalent-time sampJIng step (S1 to S8) of 
equivalent-time-sampling said received signal 
to acquire a plurality of wave-height data on 
said received signal; and 
a waveform data recording step (S9) of record- 
ing said wave-height data acquired in said 
equivalent-time sampling step (SI to S8), as 
said received wavefomn data. 



a sampling timing generating circuit for gener- 
ating a sampling timing on the basis of a refer- 
ence clock synchronized with said received sig- 
nal to output said sampling timing while shifting 
a tirning of output thereof periodically; and 
a sampling circuit (13) for sampling said re- 
ceived signal in accordance with said sampling 
timing generated In said sampling timing gen- 
erating circuit to acquire said wave-height data. 

24. A received signal waveform measuring apparatus 
according to claim 23. characterised in that said 
sampling timing generating circuit includes: 

a divider (1 1 ) for dividing said reference clock 

down; and 

a delay control circuit (12) for supplying an out- 
put of said divider to said sampling circuit (13) 
while delaying said output periodk:ally. 

25. A received signal waveform degradation compen- 
sating method for use In a receiving apparatus (1, 
1 A to 1 D) equipped with a compensation character- 
istic variable type waveform degradation compen- 
sating means (5, 5A, 5A-1 to 5A-n) made to com- 
pensate for waveforrh degradation of a received 
signal, characterised by comprising: 

received waveform measuring step (81 to S9) 
of measuring received wavefomn data being 
waveform data of said received signal; 
difference calculating step (810 to SI 3 (or 
S13*)) of calculating a difference between fre- 
quency data on said received signal obtained 
by converting said received waveform data, 
measured by said received waveform measur- 
ing step (S1 to S9), into a frequency domain 
and frequency data on a reference waveform 
free from wavefonm degradation; and 
control step of controlling a compensation of 
said waveform degradation compensating 
means to minimize said difference calculated 
In said difference calculating step (S10 to S13 
(or 813')). 
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A received signal waveform degradation compen- 
sating method according to claim 26, character- 
ised in that said equivalent-tinrie sampling step (81 
to 88) Includes: 

a sampling timing generating step (81 , 82) of 
generating a sampling timing on the basis of a 
reference clock synchronized with said re- 
ceived signal; 

a sampling timing shift step (S3) of shifting an 
output timing of said sampling timing periodi- 

. cally; and 

a sampling step (S4, 86) of sampling said re- 
ceived signal in accordance with said sampling 
timing periodically shifted In said sampling tim- 
ing shift step (83) to acquire said wave-height 

data. 



28. A received signal wavefomn degradation compen^ 
sating method according to claim 2!7, character- 
ised in that said sampling timing generating step 
(81 , 82) includes a dividing step of dividing said ref- 
erence clock down, and 

said sampling timing shift step (83) includes 
a delay control step of outputting said sampling tim- 
ing while periodically delaying said reference clock 
after the dividing in said dividing step. 



29. A received signal wave form degradation compen- 
sating method according to any one of claims 26 to 
28, characterised in that said control step In- 
cludes: 

a compensation characteristic determining 
step (81 4 or 81 4') of obtaining a compensation 

50 characteristic of said waveform degradation 

compensating means which minimizes said dif- 
ference calculated in said difference catoulating 
step (810 to S13 (or S13')); and 
a control signal generating step (815 or 815') 

55 of generating a control signal for controlling 

said waveform degradation compensating 
means (5,.5A, 6A-1 to 5A-n) so that said wave- 
form degradation conripensating means has 
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said compensation characteristic obtained in 
said compensation characteristic determining 
step (S1 4 or SI 4'). 

30. A received signal wave fomn degradation compen- s 
sating method for use in a receiving apparatus (1 A 
to ID) equipped with a demultiplexing section (31) 
made to receive a wavelength-multiplexed optical 
signal comprising a plurality of types of wavelengths 

to Xn) multiplexed from an optical* transmission io 
line (30) for demultiplexing said wavelength-multi- 
plexed optical signal into optical signals respective- 
ly having said wavelengths {X^ to Xn), character- 
ised by comprising the steps of: 

15 

detecting, with respect to at least one optical 
signal with a specified wavelength (Xi; I = one 
of 1 to n) of said wavelength demultiplexed op- 
tical signals obtained by the demultiplexing in 
said demulitplexing section (31), a difference 
between frequency data In a received signal 
frequency domain obtained after photoelectric 
conversion of said optical signal and frequency 
data on a reference waveform free from wave- 
fomri degradation arising from said optical 25 
transmission line; and 

controlling a compensation characteristic of a 
compensation characteristic variable type 
waveform degradation compensating means 
(5, 5A or 5A-1 to 5A-n) on the basis of the de- 30 
tected difference on said specified wavelength 
(Xi) to compensate for waveform degradation 
said wavelength-multiplexed optical signal un- 
dergoes due to said optical transmission line. 

35 

31. A received signal waveform degradation detecting 
method characterised in that comprising: 

received wavefonn measuring step (S1 to S9) 
of measuring received wavefomi data being 40 
wavefonn data on a received signal; and 
calculating step (S10 to SI 3 (or SI 3'))of calcu- 
lating a difference between frequency data on 
said received signal, obtained by performing 
frequency conversion of said received wave- 
fomri data measured by said received waveform 
measuring step (S1 to S9), and frequency data 
on a reference wavefonn free from waveform 
degradation. 

so 

32. A received signal waveform degradation detecting 
method according to claim 31, characterised in 
that said received waveform measuring step (SI. to 
S9) includes: 

55 

an equivalent-time sampling step (SI to S8) of 
equivalent-time-sampling said received signal 
to acquire a plurality of wave-height data on 



said received signal; and 
a wavefonn data recording step (S9) of record- 
ing said wave-height data acquired in said 
equivalent-time sampling step, as said re- 
ceived waveform data. 

33. A received signal wavefonn degradation detecting 
method according to claim 32, characterised in 
that said equivalent-time sampling step (SI to S9) 
includes: 

a sampling timing generating step (S1 , S2) of 
generating a sampling timing on the basis of a 
reference clock synchronized with said re- 
ceived signal; 

a sampling timing shift step (S3) of shifting an 
output timing of said sampling timing periodi- 
cally; and 

a sampling step (S4, S6) of sampling said re- 
ceived signal in accordance with said sampling 
timing periodically shifted in said sampling tim- 
ing shift step (S3) to acquire said wave-height 
data. 

34. A received signal wavefonn degradation detecting 
method according to claim 33, characterised in 
that said sampling timing generating step (S1, S2) 
includes a dividing step of dividing said reference 
clock down, and 

said sampling timing shift step (S3) Includes 
a delay control step of outputting said sampling tim- 
ing while periodically delaying said reference clock 
after the dividing in said dividing step. 

35. A received signal wavefonn measuring method 
characterised by comprising: 

an equivalent-time sampling step (SI to S8) of 
equivalent-time-sampling a received signal to 
acquire a plurality of wave-height data on said 
received signal; and 

a waveform data recording step (S9) of record- 
ing said wave-height data acquired in said 
equivalent-time sarnpling step (SI to S8), as 
wave fohn data on said received signal to be 
converted into a frequency domain for calcula- 
tion of a difference from frequency data of a ref- 
erence waveform free from wavefonn degrada- 
tion. 

36. A received signal wavefonn measuring method ac- 
cording to claim 35, characterised In that said 
equivalent-time sampling step (SI to S8) includes: 

a sampling timing generating step (S1, S2) of 
generating a sampling timing on the basis of a 
reference clock synchronized with said re- 
ceived signal; 
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a sampling timing sliift step (S3) of shifting an 
output timing of said sampling timing periodi- 
cally; and 

a sampling step (S4, S6) of sampling said re- 
ceived signal in accordance with said sampling 5 
timing periodically shifted in said sampling tim- 
ing shift step (S3) to acquire said wave-height 
data. 

37. A received signal waveform measuring method ac- 
cording to claim 36, characterised in that said 
sampling timing generating step (81 , S2) includes 
a dividing step of dividing said reference clock 
down, and 

said sampling timing shift step (S3) includes 
a delay control step of outputting said sampling tim- 
ing while periodically delaying said reference clock 
after the dividing in said dividing step. 
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FIG. 4 
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FIG. 7 
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FIG. 13 
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FIG. 15 
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FIG. 21 A 
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FIG. 22 
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